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ABSTRACT

In bridge structures, column members are typically designed to be the primary
source of energy dissipation during an earthquake. Therefore, reinforced concrete (RC)
bridges that are damaged in an earthquake tend to have damage to the column members.
While many studies have been conducted on seismic strengthening of RC bridge
columns, most are focused on retrofit instead of repair. In addition, the limited research
on seismic repair of RC bridges has focused on evaluating the response of individual
columns (member level), not the bridge structure (system level), due to limitations in
modeling and especially testing of full bridge structures. Local modifications
(interventions) from the repair of a member can change its performance, and changes in
column member performance can influence the bridge structure performance, especially
under seismic loading. This study evaluated the impact of RC bridge column seismic
repair on the member level, system level, and community level responses. Numerical
simulation was used to model the response of repaired RC bridge columns (member
level) and study the post-repair response of a prototype bridge with repaired columns
(system level). The model was also extended to develop a methodology to minimize the
level of pre-earthquake retrofit such that the RC bridge can withstand an earthquake
without collapse, suffering minor or moderate damage that can be rapidly repaired later.
Finally, a discrete-event-based simulation model was developed to estimate the time
needed to bring the situation under control for a given volume of resources under a
variety of scenarios after an earthquake occurs in a case-study community (community
response), and to study the sensitivity of the restoration times to different variables.
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1. INTRODUCTION

1.1. BACKGROUND
Civil infrastructures are aging and deteriorating all across the world, particularly
in industrialized countries like the United States. Most constructed bridges, for example,
were designed according to now obsolete criteria and are approaching the end of their
designated service life. Bridges are key elements of the nation’s transportation
infrastructure, enabling roadways and railways to traverse obstacles such as waterways
and intersecting roadways. Damage to bridges during an earthquake can disrupt the flow
of much needed goods and services. As a result, their vulnerability to catastrophic events
affects public welfare and safety.
In bridge structures, column members are typically designed to be the primary
source of energy dissipation during an earthquake. Therefore, reinforced concrete (RC)
bridges that are damaged in an earthquake tend to have damage to the column members.
Seismic retrofit and repair of RC bridge columns have been investigated in many studies.
One of the key differences between retrofit and repair is the need to estimate the residual
capacity of the damaged member. However, in order to implement the repair in a real
bridge, the damage extent and type of damage must be quantified, and an appropriate
repair method must be identified. Selection of an appropriate repair system depends on
many factors including time/ease of installation (important for rapid repair), cost, longterm durability (important for a permanent repair), and level of performance that can be
achieved by the repair member (important for both rapid and permanent repair).
Therefore, bridge engineers and inspectors need guidance to enable appropriate decisions
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regarding post-earthquake repair of bridge columns, which are critical to the
transportation industry.
It is well known that local modifications (interventions) from the retrofit or repair
of a structural member can change its performance. Changes in column member
performance can in turn influence the bridge structure performance, especially under
seismic loading. Especially in the case of seismic repair of RC bridges, most research has
focused on evaluating the response of individual columns (member level), not the bridge
structure (system level), due to limitations in modeling and especially testing of full
bridge structures. Therefore, methods are needed to study the response of RC bridges
with retrofitted or repaired columns especially under subsequent earthquakes. Thus, the
need exists to develop techniques to understand the effects of a local intervention on the
seismic performance of the bridge structure. Moreover, while structural retrofit of bridge
columns may be needed in some cases to comply with current code provisions, finding a
balance of pre-earthquake retrofit can help reduce uncertainties related to the seismic
behavior of the bridge structure, while simultaneously reduce initial cost. Optimizing the
level of retrofit such that the RC bridge can withstand an earthquake without collapse,
while suffering minor or moderate damage that can be rapidly repaired later, is a new
approach that has not yet been explored.
Earthquakes, like other natural hazards, are unavoidable and can become a
disaster causing extensive property damage and deaths of thousands of people, especially
in densely inhabited areas. Facilities and infrastructure in good condition and well
maintained are essential to enhance resilience and minimize the impact to the surrounding
community, minimizing the extent of damage and enabling emergency maneuvers. While
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each natural hazard tends to have its own unique characteristics, an earthquake generally
triggers a cascade of events such as gas leakage, fire, building/structural collapse, and
even flooding. Emergency management response is a key element to disaster recovery.
Therefore, it is important for emergency managers to be able to make strategic decisions
in planning, preparing, and training for an emergency such as an earthquake. A possible
way to evaluate the impact of these decisions in the case of a seismic event is using a
simulation model that takes into account the incidents caused by the earthquake.
Simulation models that can reflect the cascade of events that occurs after an earthquake
strikes can be used to estimate the restoration time for a given volume of resources under
a variety of scenarios that can occur after an earthquake. Once the relationship between
the volume of resources and the expected restoration times is determined, the model can
be used to explore and optimize all the other variables, such as the functionality of
transportation infrastructure.

1.2. OBJECTIVES AND SCOPE
The objective of this thesis work is to study the impact of RC bridge column
seismic repair on the member level, system level, and community level responses. To do
so, this study develops a methodology to study how local modifications to individual RC
bridge columns effect the post-repair seismic performance of a bridge structure.
Knowledge of the post-repair seismic performance of a bridge system is needed to
effectively design either a permanent repair to restore/improve the bridge seismic
performance or a rapid repair to enable limited access or mitigate further damage due to
aftershocks. Additionally, this study develops a methodology to optimize the combined
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levels of (pre-earthquake) retrofit and (post-earthquake) rapid repair in order to maintain
service to a bridge shortly after an earthquake occurs, while reducing initial costs and
uncertainties. Finally, a discrete event-based simulation model is developed to study the
post-earthquake response in an urban environment and to estimate the time required after
an earthquake occurs to bring the situation under control.
To address the challenges described above, numerical simulations are employed
with the overall goal of selecting and evaluating appropriate methods to retrofit and
repair earthquake-damaged bridge columns, gaining a better understanding of the impact
of local intervention on the seismic behavior of RC bridges and on the community
resilience. To this end, the scope of this study included the following:
1. A comprehensive literature review was conducted to assess the performance of
different repair techniques applied to earthquake-damaged RC bridge columns.
Based on the findings, appropriate repair methods were identified for different
combinations of extent and type of damage, evaluating the improvements in
terms of strength, stiffness, and ductility.
2. A numerical model was developed to predict the cyclic response of repaired RC
bridge columns and was validated by experimental results from the literature.
The model is shown to be capable of predicting the cyclic response of RC
bridge columns with different damage and repair techniques.
3. A methodology was established to study how local modification to individual
RC bridge columns (member level) effects the post-repair seismic performance
of a bridge structure (system level). A numerical model of a prototype bridge
was developed, and an incremental dynamic analysis (IDA) was employed to
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evaluate the seismic behavior of a bridge with one or more columns repaired
with different methods.
4. A framework was developed to optimize the level of (pre-earthquake) retrofit
of RC bridge columns that can be rapidly repaired in the event of an
earthquake. A numerical model was developed to predict the seismic response
of retrofitted RC bridge columns and was validated by experimental results
from the literature. Numerical simulation was then used to evaluate the
response of a prototype bridge with different configurations of retrofitted
columns to balance the combined levels of (pre-earthquake) retrofit and (postearthquake) rapid repair in order to maintain service to a bridge shortly after an
earthquake occurs and to reduce initial cost and uncertainties.
5. A model approach was established to study the impact of structural retrofit and
repair on the emergency management of a community struck by an earthquake.
A discrete-event-based simulation model was developed to estimate the time
needed to bring the situation under control for a given volume of resources
under a variety of scenarios after an earthquake occurs in a case-study
community (community response), and to study the sensitivity of the
restoration times to different variables.

1.3. ORGANIZATION OF THE DISSERTATION
This dissertation consists of six sections. Section 1 presents an overall
introduction, motivation, objective, and scope of this work. Section 2 contains a literature
review of experimental tests and a framework to select the appropriate repair methods for
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earthquake-damaged RC bridge columns. Section 3 describes a numerical model
developed to predict the response of repaired RC bridge column specimens selected from
the literature. Section 4 presents an incremental dynamic analysis (IDA) carried out on a
model of a prototype bridge structure with repaired RC columns to study the collapse
vulnerability of a case study bridge with repaired columns. Section 5 presents a
framework to optimize the combination of (pre-earthquake) retrofit and (post-earthquake)
rapid repair. Section 6 presents a discrete-event based simulation to study the postearthquake response in an urban area.
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2. BACKGROUND

2.1. GENERAL
Section 2 presents an overview of past research related to this thesis work. First,
RC bridge column characteristics and seismic vulnerabilities are described in Section 2.2.
Then, previous work on seismic damage classification of RC bridge columns is discussed
in Section 2.3. Next, previous studies on seismic repair of RC bridge columns are
summarized and evaluated in terms of repair effectiveness in Section 2.4. Finally, the
results of the previous sections are synthesized in Section 2.5 to correlate the different
repair systems with type and level of damage observed.

2.2. REINFORCED CONCRETE BRIDGE COLUMN CHARACTERISTICS AND
SEISMIC VULNERABILITIES
The era in which the bridge was designed can provide significant indications
about the design provisions utilized and the typical vulnerability of the bridge, thus
making it easier to identify the mechanisms that caused the damage. The construction age
of a bridge (and of any structural strengthening/retrofit carried out on it afterwards) can,
therefore, provide an indication of its performance, where newer bridges are generally
less affected by earthquake damage than older bridges.
Earthquakes that have occurred in the U.S. during the past century have caused
extensive damage and casualties, which has led to a substantial evolution of design codes
and the seismic design provisions. The events that have most significantly influenced this
evolution are the 1925 Santa Barbara earthquake, the 1971 San Fernando earthquake, the
1989 Loma Prieta earthquake, and the 1994 Northridge earthquake. These earthquakes

8
have led to changes to the seismic design of bridges as discussed in the sections that
follow.
2.2.1. Bridges Designed before 1974. In 1906, after the San Francisco
earthquake, engineers became aware of the seismic risk to structures. Despite the large
number of casualties, estimated between 700 and 3000, and the destruction of
approximately 28,000 buildings (USGS n.d.), the 1906 San Francisco earthquake did not
stimulate an explicit code response because the damage caused by the ground motion was
completely overcome by the fire. Only after the 1925 Santa Barbara earthquake did the
post-earthquake investigators who examined the damaged structures call for regulatory
change (Theodoropulous 2006). The first code concerning the seismic design provision
for bridges was developed in California by the California State Highway Association in
1940 and by the American Association of State Highway Officials (AASHO, now the
American Association of State Highway Transportation Officials, AASHTO) in 1941 in
which ground motion effects were modeled simply as a lateral force proportional to the
mass of the structure of unspecified value (Todd et al. 1994). Until 1965 the lateral
seismic design force was 6% of the structural dead load, and later was increased to 13%
(Caltrans 2006).
2.2.1.1. Flexural behavior of RC columns. RC columns of bridges designed
before 1974 typically fail in shear due to inadequate transverse reinforcement. For this
reason, if subjected to actions caused by an earthquake, such columns generally do not
reach their full flexural capacity, and therefore, the longitudinal bars remain elastic. Even
if the column is able to reach the yielding moment of the section, the few stirrups placed
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within the plastic hinge region would not be provide acceptable ductility, leading to a
sudden collapse.
Another reason why it is difficult to reach the yielding moment in columns
designed before 1974 is due to inadequate lap splice of the longitudinal reinforcement.
The common practice was to splice the bars at locations of high flexural demand (e.g.,
right above the footing) using a length of only 20 bar diameters. It was also common
practice to anchor the longitudinal bars in the footing without using 90-degree hooks and
with an embedment length of only 20 bar diameters. Columns designed with such short
lap splice length or embedment length can exhibit brittle failure due to the slipping or
pullout of the bars. A failure example is shown in Figure 2.1.

a

b

Figure 2.1 Failure of Bridge Damaged in the 1971 San Fernando Earthquake (Caltrans
2006). a) Pullout and b) Buckling.

2.2.1.2. Shear behavior of RC columns. Before 1974 RC bridge columns were
typically designed with transverse reinforcement consisting of #4 (12.7 mm dia.) bars
spaced at 300 mm., regardless of the size of the column or of the longitudinal
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reinforcement. Therefore, fracture of transverse reinforcement as well as local buckling
of the longitudinal bars are common. In the case of low transverse reinforcement ratio,
aggregate interlock becomes the main shear resisting mechanism. However, dynamic
loading can create wide cracks in the column reducing the aggregate interlock effect. For
these reasons shear typically governs the failure mechanism, which occurs in a brittle
manner, for columns of bridges built before 1974. A failure example is shown in Figure
2.2.

Figure 2.2 Shear Failure of a Bridge Damaged in the 1971 San Fernando Earthquake due
to the Low Thickness and High Spacing of the Transverse Reinforcement (Caltrans
2006).

2.2.1.3. Typical characteristics of RC columns. The longitudinal bars of RC
columns of bridges designed before 1974 tend to have lap splice length of typically 20
bar diameters, lap splice location in regions of high flexural demand (i.e., often right
above the footing). In addition, the longitudinal bars typically have an embedment length
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into the footing of typically 20 bar diameters and without 90-degree hooks. The
transverse reinforcement tends to be #4 (12.7 mm dia.) at 300 mm. regardless size of
column or longitudinal bars (Moehle and Eberhard 2000, Caltrans 2006). In addition,
transverse reinforcement is typically not anchored into the concrete core (i.e., no 135 deg.
hooks), and does not provide adequate confinement to the concrete core, particularly in
large columns.
2.2.1.4. Typical vulnerabilities of RC columns. RC columns of bridges designed
before 1971 are typically vulnerable to failure due to buckling, slippage, or pullout of
longitudinal reinforcement. Also, they tend to exhibit foundation anchorage failure,
especially for bridges supported by piers with a single column. In addition, shear failure
may occur due to inadequate transverse reinforcement.
2.2.2. Bridges Designed between 1974-1994. The next step in the evolution of
bridge design provisions was due to the 1971 San Fernando earthquake. Damage caused
by the ground motion to the structures that met the code requirements exceeded
expectations, which led to an increase in performance requirement. Thus, the lateral
seismic design force was increased to 30% of the structural dead load (Caltrans 2006).
Moreover, bridge design was required to take into account the dynamic response of the
structure as well as the ductility and the relative stiffness of the members. More stringent
detailing requirements became a function of the fault proximity and the site condition.
Although all these requirements were incorporated in the 1974 Caltrans Code and
the 1975 AASHTO Specification (Todd et al. 1994), it took a few years for them to be
fully implemented. As a result, all bridges that were severely damaged by the 1994
Northridge earthquake were built between 1964 and 1976. Therefore, some caution is
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required when evaluating the vulnerabilities of bridges built during that time period,
especially in the case of flared columns. Before 1994, flares were assumed to be nonstructural elements, and therefore the resulting change in column stiffness and strength
was not considered.
The extensive damage caused by the 1989 Loma Pieta earthquake made it
necessary to review and improve the minimum performance levels, detailing
requirements, and design provisions. Unfortunately, the 1994 Northridge earthquake
occurred before the improvements were concluded
2.2.2.1. Flexural behavior of RC columns. Due to the revised design
provisions, columns of bridges built between 1974 and 1994 are typically able to reach
the yielding moment of the section. On the other hand, inadequate confinement of the
plastic hinge regions amplifies the strength degradation due to cyclic load. Buckling of
the longitudinal bars due to the fracture of transverse reinforcement is also common. A
failure example is shown in Figure 2.3.
2.2.2.2. Shear behavior of RC columns. Bridge columns built between 1974
and 1994 were typically designed with sufficient transverse reinforcement to reach the
full flexural capacity. However, the effect of the cyclic degradation as well the effect of
the buckling of the longitudinal bars were not considered. Shear failure in the plastic
hinge region is common. A failure example is shown in Figure 2.4.
2.2.2.3. Typical characteristics of RC columns. Lap splices of longitudinal bars
of RC bridge columns designed between 1974 and 1994 are prohibited in regions of high
flexural demand. The transverse reinforcement typically #4 (12.7 mm dia.) at 150 mm.,
and it does not provide adequate confinement to the concrete core, particularly in large
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columns. No additional transverse reinforcement is placed within the joint or plastic
hinge region.

Figure 2.3 Failure Due to Strength Degradation at Plastic Hinge Regions of Bridges
Damaged in the 1994 Northridge Earthquake (Caltrans 2006).

2.2.2.4. Typical vulnerabilities of RC columns. RC bridge columns designed
between 1974 and 1994 are typically vulnerable to shear failure at the plastic hinge
regions due to inadequate transverse reinforcement and poor confinement. In addition,
shear failure may occur due to the effects of non-structural elements (e.g., channel walls,
column flares).
2.2.3. Bridges Designed after 1994. The new generation of seismic design codes
include recommendations about capacity design and ductility approach. The purpose is
to ensure a ductile flexural failure of the columns only, while all other bridge elements
are to remain elastic. For this reason, the number of expansion joints were minimized as
well as the use of column flares, the required shear capacity of joint connections was
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increased, and anti-buckling reinforcement was provided. When the 1994 Northridge
earthquake occurred, the damaged bridges were mainly those built before 1974 and that
had not been retrofitted. This observation validated the evolution of the code during the
second half of the last century.

a

b

Figure 2.4 Shear Failure of Bridges Damaged in the 1994 Northridge Earthquake. b) the
Use of a Flare Created a “Short Column” that is very Sensitive to Shear Actions (Caltrans
2006).

2.2.3.1. Flexural behavior of RC columns. Column of bridges designed after
1994 were designed to exhibit ductile behavior. The transverse reinforcement provided is
generally adequate to allow the longitudinal reinforcement to reach the full flexural
capacity, and it also prevents the buckling of longitudinal bars.
2.2.3.2. Shear behavior of RC columns. According to the capacity design, a
column built after 1994 has very closely spaced transverse confinement, especially in the
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plastic hinge regions. Therefore, the column should fail in a ductile way due to bending
moment actions.
2.2.3.3. Typical characteristics of RC columns. For RC bridge columns
designed after 1994, lap splices of longitudinal bars are prohibited in plastic hinge
regions. In addition, adequate joint reinforcement is provided, and specific reinforcement
is provided within plastic hinges regions.

2.3. REINFORCED CONCRETE BRIDGE COLUMN SEISMIC DAMAGE
CLASSIFICATION
This section describes and classifies the type and level of damage reported on
earthquake-damaged bridge RC columns. Types of damage are presented in Section
2.3.1, while in Section 2.3.2 the type of damage is associated to different damage levels.
2.3.1. Damage Types. Reinforced concrete columns can sustain different types of
damage in an earthquake. Damage can occur to the concrete, the reinforcing steel, or
both.
2.3.1.1. Concrete damage types. Types of concrete damage include cracking,
spalling, splitting, and crushing. Concrete cracking occurs when the tensile stress reaches
the tensile strength of the concrete. For RC columns subjected to bending moment, the
typical crack pattern is represented by flexural cracks that are generally perpendicular to
the longitudinal axis of the column emanating from the tensile face. For columns under a
combination of bending moment, shear, and/or torsion, the direction of cracks is inclined
to the longitudinal axis of the column (Belarbi et al. 2010). If shear action is predominant,
the cracks appear on opposite faces of the column and are generally parallel to one
another. If torsional action is predominant, the cracks spiral around the column in a
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continuous manner, and thus the cracks on opposite faces of the column are generally
perpendicular to one another. Figure 2.5 shown the crack patterns for RC columns.

a

b

c

Figure 2.5 Column Crack Patterns: a) Flexural Cracking, b) Shear Cracking, c) Torsional
Cracking.

Spalling of the concrete cover can be described as detachment of the concrete
outside of the reinforcing bar cage. The extent of spalling depends on many factors such
as the thickness of the clear cover, shape of the cross section, and longitudinal
reinforcement ratio. If the longitudinal and/or transverse reinforcing bars are relatively
close each other, they can create a preferential section of failure between the cover
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concrete and the core concrete. In plastic hinge regions, spalling of the cover concrete
occurs following yielding of longitudinal reinforcement.
Bond failure of longitudinal reinforcement will often exhibit splitting cracks,
which are oriented in the axial direction of the column and along the longitudinal
reinforcing bars. Concrete splitting cracks also appear on the surface of RC columns that
have endured compressive action equal to or larger than their axial load capacity. The
typical pattern is represented by short parallel cracks oriented along the column’s
longitudinal axis. This type of damage may be observed for those columns subjected to
an earthquake with a large vertical component.
Concrete crushing is associated with compression failure of the material.
Crushing of concrete generally occurs in regions of high concentrated compressive
strains, such as plastic hinge regions. Crushing of concrete under cyclic lateral loading
that occurs during an earthquake can lead to significant degradation of the concrete core
thereby reducing the column’s ability to withstand compressive stress.
2.3.1.2. Reinforcing bar damage types. Types of damage incurred by
reinforcing bars include yielding, buckling, and fracture. In general, yielding of the
longitudinal reinforcement starts on the tension side of the element and gradually spreads
to adjacent bars around the column (Belarbi et al. 2010). Longitudinal bar yielding in
plastic hinge regions is generally followed by concrete cover spalling.
The longitudinal bars of an RC bridge column can buckle due to the nature of
cyclic loading that occurs during an earthquake (Belarbi et al. 2010). Bar buckling occurs
after extensive spalling of the concrete cover and significant degradation of the core

18
concrete, making the reinforcement no longer able to withstand the compressive stresses.
Therefore, buckling of the longitudinal reinforcement is a sign of imminent collapse.
Fracture of longitudinal or transverse reinforcement is a serious indication that the
column was subjected to a loading condition that exceeded its strength, thus leading to
failure. In both cases the core has been compromised, and the element is no longer
capable of supporting additional load.
2.3.2. Damage Levels. ATC-32 (1996) classified damage in terms of three levels
described as minimal, repairable, and significant. Minimal and repairable damage were
not quantitatively defined in ATC-32, although significant damage was used to describe
columns with a permanent offset, yielded reinforcement, or major concrete spalling.
More recently, the severity of damage to an RC column has been described using
damage states. Different researchers have associated damage states with a visual
description of damage and/or objective criteria. Dutta and Mander (1999) defined five
different damage states to categorize the severity of damage in an RC bridge element,
ranging from almost no damage to collapse, where each state corresponds to a given drift
limit. However, this scale is a function of the column design since the same drift ratio can
cause different damage to a non-seismically designed column compared with a
seismically designed column. Billah and Alam (2012) modified the previous damage
scale using ductility demand limits instead of drift limits, thus making the scale usable for
any type of column. This approach, although accurate and in a certain way capable of
defining unambiguous categories, is difficult to use on site to evaluate the damage caused
by a seismic event. For instance, it may be incorrect to assume that the measured residual
drift (after the seismic event) is the maximum drift value experienced by the column
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during the event. Similarly, it may not be appropriate to assume that the drift is solely the
result of the last earthquake (disregarding potential pre-existing conditions), or to assume
that the residual drift is due entirely to damage and has not been influenced by support
conditions (e.g., rotation of the column due to sagging foundation).
A descriptive formulation of damage states, where the severity of the damage is
associated with a visible damage condition and mechanism (although subjected to
interpretation) is desirable since it can be used in every condition. The study performed
by Vosooghi and Saiidi (2010), which was based on the review of shake test data from 30
RC bridge columns, allowed to identify five damage states corresponding to five apparent
levels of damage. The damage states were defined as follows: DS-1: flexural cracks; DS2 first spalling and shear cracks; DS-3: extensive cracks and spalling; DS-4: visible
transverse and longitudinal bars; DS-5: imminent failure. Damage state DS-1 is assigned
to RC columns that exhibit flexural cracks after the seismic event. Repairing a column in
this state should be evaluated with a cost-benefit analysis because it may not be
necessary. Figure 2.6 shows an example of RC columns in damage state DS-1.
Under damage state DS-2 minor spalling and shear cracks are observed on the
column surface. Columns that show a damage condition classified as DS-2, if repaired,
are subjected to repairs capable of minor improvement. Figure 2.7 shows an example of
RC columns in damage state DS-2.
In damage state DS-3, a large number of cracks of significant width are present,
and concrete spalling occurs in a relatively large region. Columns that show a damage
condition classified as DS-3 are subjected to repairs capable of minor improvement.
Figure 2.8 shows an example of RC columns in damage state DS-3.

20

a

b

Figure 2.6 Examples of Columns with Damage State DS-1: Flexural Cracks: a) From
Vosooghi and Saiidi (2010); b) From Li (2012).

a

b

Figure 2.7 Examples of Columns with Damage State DS-2: First Spalling and Shear
Cracks a) From Vosooghi and Saiidi (2010); b) From Li (2012).
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a

b

Figure 2.8 Examples of Columns with Damage State DS-3: Extensive Cracks and
Spalling a) From Vosooghi and Saiidi (2010); b) From Prakash (2009).

Under damage state DS-4, the transverse reinforcement and possibly the
longitudinal reinforcement are visible. This indicates a loss of unconfined concrete.
Columns in this damage state may be subjected to repairs capable of moderate
improvement. Figure 2.9 shows an example of RC columns in damage state DS-4.
A column in damage state DS-5 is at risk of imminent failure. The damage also
effects the confined core concrete. There may be signs of buckling of the longitudinal
reinforcement. Columns that show a damage condition classified as DS-5 need to be
intensively repaired with one or more repair systems capable of significant improvement.
Figure 2.10 shows an example of RC columns in damage state DS-5.
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a

b

Figure 2.9 Examples Of Columns With Damage State DS-4: Transverse and Logitudinal
Bars Visible a) From Voosoghi And Saiidi (2010); b) From Li (2012).

a

b

Figure 2.10 Examples of Columns with Damage State DS-5: Imminent Failure a) From
Vosooghi and Saiidi (2010); b) From Li (2012).
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2.4. SUMMARY OF LITERATURE ON REPAIR OF EARTHQUAKEDAMAGED REINFORCED CONCRETE BRIDGE COLUMNS
2.4.1. Overview. The literature review conducted in this work revealed that a
considerable number of studies concerning the repair of RC bridge columns has been
conducted. Research reported in the literature has involved different repair materials and
techniques ranging from “classical” repair systems, such as RC jacketing and steel
jacketing, to systems that have recently become popular such as FRP jacketing, and to
more innovative systems such as the addition of NSM-FRP bars or SMA spirals. These
systems are discussed in detail in Section 2.4.2.
Based on the information gathered, the studies collected from the literature were
divided in two groups: 1) experimental works on repair of damaged columns that did not
have fractured longitudinal reinforcing bars, and 2) experimental works on repair of
damaged columns with fractured longitudinal reinforcing bars. This distinction is
fundamental for understanding the effectiveness of the repair systems for RC columns,
especially since fracture of reinforcement is an ultimate limit state and generally
constitutes member failure.
Results of tests reported in the literature were collected and organized in tabular
format. Table 2.1 summarizes the results of studies on the repair of RC columns without
fractured longitudinal bars, and Table 2.2 summarizes the results of studies on the repair
of RC columns with fractured longitudinal bars. These tables are an extension of the
work initiated by He et al. (2015). For each experimental test collected during the
literature search, the parameters deemed to be most relevant were summarized including
the scale of the column test specimen, the column cross-sectional shape, the axial load
index, the applied loading(s), the apparent damage after testing of the as-built member,
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the repair system utilized, and the improvement made by the repair system in terms of
strength, ductility, and/or stiffness.
Figure 2.11 illustrates the different repair materials and systems included in
Tables 2.1 and 2.2.

Figure 2.11 Repair System for Repairing Damaged RC Bridge Columns.

Table 2.1 Summary of Studies on Repair of RC Bridge Columns Without Fractured Longitudinal Bars.
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Table 2.1 Summary of Studies on Repair of RC Bridge Columns Without Fractured Longitudinal Bars (cont.).
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Table 2.1 Summary of Studies on Repair of RC Bridge Columns Without Fractured Longitudinal Bars (cont.).
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Table 2.1 Summary of Studies on Repair of RC Bridge Columns Without Fractured Longitudinal Bars (cont.).
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Table 2.1 Summary of Studies on Repair of RC Bridge Columns Without Fractured Longitudinal Bars (cont.).
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Table 2.2 Summary of Studies on Repair of RC Bridge Columns with Fractured Longitudinal Bars.
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Table 2.2 Summary of Studies on Repair of RC Bridge Columns with Fractured Longitudinal (cont.).
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2.4.2. Discussion of Repair System Techniques. This section discusses the
repair system techniques used to repair RC bridge columns.
2.4.2.1. RC jackets. RC jackets involve placing an additional layer of concrete
around the existing member, together with longitudinal and/or transverse (i.e., stirrups)
reinforcing bars, to improve the flexural, shear, and/or axial strength of the column. In
this way, it is possible to maintain a high degree of compatibility between the repair
system and the substrate in terms of deformation. Moreover, resistance to delamination
and durability are better compared to other types of materials (Narayanan et al 2012).
On the other hand, concrete has a relatively large unit weight and a relatively low
strength-to-weight ratio, which can result in an increase in size and weight of the repaired
member. These can be significant disadvantages of this method since the stiffness and
dynamic response of the column are altered. In addition, formwork is required in most
applications. Another drawback is the hardening time required by conventional concrete,
which makes it difficult to use in a rapid repair. This disadvantage can be overcome,
where possible, by using a concrete (or grout or mortar) with a rapid setting time and/or
with a higher strength then necessary such that it is able to gain sufficient strength after a
short period of time.
Most contractors that are capable of constructing RC structures are also able to
construct RC jackets since this technique does not require specialized workers or
equipment. Moreover, the general procedure used to design an RC column can be used to
design an RC jacket. The number and diameter of the steel reinforcing bars, as well the
size of the jacket, depend on the performance requirement for the structural element.
Since this technique can also provide passive confinement to the column (if transverse
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reinforcement is provided in the jacket), it is possible to increase the effectiveness of the
method by reducing or temporarily eliminating the axial load on the column before
applying the RC jacket by raising the overlying deck, which requires the necessary
construction equipment.
If the damage to the column is significant, it is important to restore the verticality
of the column and remove the loose concrete within the plastic hinge region. Otherwise,
the application of the method begins with preparing the surface of the substrate by
removing all loose concrete cover and drilling holes to insert connectors to hold the
longitudinal reinforcement (as needed). If the column exhibits damage at the footing, it
may be necessary to anchor the longitudinal steel bars into the foundation. It is generally
not required to roughen the concrete surface or use bonding agents (Julio et al. 2005).
Formwork is placed to constrain the fresh concrete. Once the longitudinal and transverse
reinforcement have been positioned, a low shrinkage concrete is usually used for the
jacket and for replacing the concrete that was removed from the column. The reason for
this is because concrete jacket shrinkage has been found to reduce the strength of the
composite column, especially for columns with large axial load (Lampropoulos and
Dritsos 2011). If this method is used as a rapid repair, a high-early strength concrete
should be considered in order to achieve the target strength in a short period of time.
Researchers who has studied the use of RC jackets to repair columns without
fractured longitudinal bars include Bett et al. (1988) and Fukuyama et al. (2000). In both
experiments the column strength and stiffness were enhanced. While the column ductility
was enhanced specimens tested by Fukuyama et al. (2000), the displacement ductility of
the repaired columns tested by Bett et al. (1988) was not reported. For the case of
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fractured longitudinal reinforcement, Lehman et al. (2010) were able to restore column
strength and stiffness, but the measured displacement ductility was lower,
2.4.2.2. Steel jackets. Steel jackets in the form of external steel hoops, spirals,
straps, and continuous jacketing have been used for several decades. This technique can
allow for increasing the flexural, shear, and compressive strength of the column without
significantly increasing the cross-sectional dimensions of the column. Since this
technique provides passive confinement to the column, it is possible to increase the
effectiveness of this technique by reducing or temporarily eliminating the load on the
column by raising the overlying deck before applying the steel jacket, which requires the
necessary construction equipment. Continuous thin light-gage steel jackets have also
been used in combination with steel cables, where the jacket was used to distribute the
compression stresses generated by cables that were wrapped around the column and then
pretensioned in order to apply active confinement (see Figure 2.12). Continuous steel
jackets can also be used as stay-in-place formwork, if replacement of concrete is needed.
If the damage to the column is significant, it is important to restore the verticality
of the column and remove the loose concrete within the plastic hinge region. Otherwise,
the jacket can be installed around the existing column. After installing the steel jacket, the
space between the RC column and jacket is typically filled using an epoxy resin. This
increases the bond between the concrete substrate and the steel jacket and provides a
contact surface allowing immediate activation of the passive confinement.
Steel is vulnerable to environmental degradation. Therefore, steel jackets should
be coated (e.g., painted).
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Researchers who studied the use of steel jackets to repair columns without
fractured longitudinal bars include Chai et al. (1991), Fukuyama et al. (2000), and He et
al. (2018). A hybrid repair jacket made with cold-formed steel sheet and prestressed steel
strands was tested by Fakharifar et al. (2015b). Chai et al. (1991) were able to restore the
column strength and enhanced the column ductility; Fukuyama et al. (2000) enhanced
both strength and ductility. The repair method by He et al. (2018) enhanced the column
strength, ductility, and stiffness. The repaired column by Fakharifar et al. (2015b), see
Figure 2.12, showed enhanced strength and ductility, but a lower stiffness.

Figure 2.12 Column Repaired with Hybrid Steel Jacket by (Fakhairifar et al. 2015b).

2.4.2.3. Near surface mounted (NSM) rebar. This method consists of inserting
regular steel reinforcing bars into grooves that are cut into the surface of the column, and
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then filling the grooves with cement mortar or epoxy resin. This method can be used to
increase or restore the flexural strength of the column and does not increase the column
mass. This technique it is often coupled with other types of reinforcement.
NSM rebar has the same properties as the internal reinforcement. NSM rebar
contributes in both tension and compression zones. Unlike FRP bars, steel rebar exhibits
plastic behavior.
If the damage to the column is significant, it is important to restore the verticality
of the element and remove the loose concrete within the plastic hinge region. If the
column exhibits damage at the footing, it may be necessary to anchor NSM rebars
oriented in the column longitudinal (axial) direction into the foundation.
Researchers who has studied the use of NSM bars to repair columns without
fractured longitudinal bars include Hasan et al. (2016). The method was shown to
enhance the column strength, ductility, and stiffness.
2.4.2.4. Near surface mounted fiber reinforced polymer (NSM FRP) bars.
This method consists of inserting FRP bars into grooves that are cut into the surface of
the column, and then filling the grooves with epoxy resin. This method can be used to
increase or restore the flexural strength of the column and does not increase the column
mass. Unlike steel bars, FRP bars exhibit elastic behavior. This technique it is often
coupled with other types of reinforcement.
If the damage to the column is significant, it is important to restore the verticality
of the element and remove the loose concrete within the plastic hinge region. If the
column exhibits damage at the footing, it may be necessary to anchor NSM FRP bars
oriented in the column longitudinal (axial) direction into the foundation. Researchers who
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studied the use of NSM FRP bars to repair columns without fractured longitudinal bars
include Jiang et al. (2016). The NSM FRP bars were used in combination with basalt
FRP sheets. The repair method was shown to restore the column strength, ductility, and
stiffness.
2.4.2.5. Externally bonded (EB) longitudinal fiber reinforced polymer (FRP).
FRP composite with fibers oriented in the column longitudinal (axial) direction can be
bonded to the surface of an RC column to restore its flexural strength. The FRP
composite can be in the form of dry fiber sheets + matrix or precured laminates.
If the damage to the column is significant, it is important to restore the verticality
of the column. Before applying the FRP composite, all defects and loose concrete should
be removed and replaced with non-shrink mortar. Concrete cracks may or may not be
injected using epoxy resin. The surface of the column should be roughened, cleaned (e.g.,
using compressed air), and dried completely before installing the FRP to ensure proper
bonding (Faella et al. 2011). Certain FRP systems require the use of a primer that is
applied to the concrete surface in order to enhance the bond between the concrete and
FRP. Then for the case of dry fiber sheets, an initial layer of epoxy adhesive is applied to
the concrete. The fiber sheets are soaked in the resin to impregnate the fibers. The
saturated fiber sheets are then installed one at a time using a wet-layup procedure directly
onto the surface of the column, and another layer of matrix is applied to cover the fibers.
Using a special roller, the fibers are smoothed onto the surface of the column to eliminate
air pockets and ensure proper impregnation of epoxy. The application procedure can be
repeated several times depending on the number of fiber layers required. If the column
exhibits damage at the footing, it may be necessary to anchor the FRP sheet to the
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foundation using a mechanical device or similar. However, design of the anchorage
should be treated with caution, as limited success has been reported in the literature (He
et al. 2013).
For the case of precured FRP laminates, an initial layer of epoxy adhesive is
applied to the substrate, and the laminates are then bonded to the surface. If the column
exhibits damage at the footing, it may be necessary to anchor the FRP laminates to the
footing (e.g., by embedding them into the foundation, Yang et al. 2015b).
Researchers who studied the use of EB longitudinal FRP to repair columns
without fractured longitudinal bars include Belarbi et al. (2008), He et al. (2013a),
Rutledge et al. (2013), and Chen et al. (2018). Belarbi et al. (2008) were able to enhance
the strength of the repaired column. He et al.(2013a) restored the strength and ductility,
but the repaired column showed a lower stiffness. Rutledge et al. (2013) enhanced
column strength and ductility, while the stiffness was restored. Finally, Chen et al. (2018)
enhanced the repaired column strength and ductility. For the case of columns with
fractured longitudinal reinforcement, the studies by Saiidi and Cheng (2004) and He et al.
(2013) showed different results: Saiidi and Cheng (2004) were able to restore or enhance
the column strength, while the ductility was lower. The column repaired with the method
used by He et al. (2013) showed lower strength, ductility, and stiffness. In both studies,
the EB longitudinal FRP was used in combination with transverse FRP
2.4.2.6. Externally bonded (EB) transverse fiber reinforced polymer (FRP).
The application of FRP with fibers wrapped around the column in the transverse direction
and bonded to its surface can be used to increase the shear and torsional strength. Since
this technique also provides confinement to the column, it is possible to increase the
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effectiveness of the technique by reducing or temporarily eliminating the axial load on
the column before applying the FRP by raising the overlying deck. In addition, some
researchers (e.g., Nesheli and Maguro 2006) have attempted to increase the effectiveness
of the method by pre-tensioning the fiber wraps in order to apply active confinement (see
Figure 2.13a). The FRP composite can be in the form of dry fiber sheets + matrix or thin
precured laminates.
Before applying the FRP composite, all defects and loose concrete should be
removed and replaced with non-shrink mortar. Concrete cracks may or may not be
injected using epoxy resin. The surface of the column should be roughened, cleaned (e.g.,
using compressed air), and dried completely before installing the FRP sheets to ensure
proper bonding (Faella et al. 2011). If the column has a non-circular cross section, it is
essential to round the corners to prevent local failure of the fibers at the column corners
(see Figure 2.13). Certain FRP systems require the use of a primer that is applied to the
concrete in order to enhance the bond between the concrete and FRP. Then for the case of
dry fiber sheets, an initial layer of epoxy adhesive is applied to the concrete. The fiber
sheets are soaked in the resin to impregnate the fibers. The saturated fiber sheets are then
installed one at a time using a wet-layup process directly onto the surface of the column,
and another layer of matrix is applied to cover the fibers. Using a special roller, the fibers
are smoothed onto the surface of the member to eliminate air pockets and ensure proper
impregnation of epoxy. The application procedure can be repeated several times
depending on the number of fiber layers required.
For the case of thin precured FRP laminates, an initial layer of epoxy adhesive is
applied to the concrete. Then the laminate is wrapped around the column and bonded to
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the surface. Continuous precured FRP laminates can also be used as a stay-in-place
formwork, if replacement of concrete is needed (Yang et al. 2015b). This method can
only be used on columns with circular or elliptical cross-section.
Researchers who studied the use of EB transverse FRP to repair columns without
fractured longitudinal bars include Sheikh and Yau (2002), Li and Sung (2003), Chang et
al. (2004), and Vosooghi et al. (2008). The repaired columns designed by Sheikh and Yau
(2002) and Li and Sung (2003) showed an enhanced strength and ductility, while the
repaired columns designed by Chang et al. (2004), and Vosooghi et al. (2008) showed a
restored strength and ductility. For the case of columns with fractured longitudinal
reinforcement, Yang et al. (2015a) and Yang et al. (2015b) restored the column strength,
ductility, and stiffness.

a

b

Figure 2.13 EB-FRP. a) Prestressed FRP Wraps (Nesheli and Meguro 2006), b) FRP
Jacket. Note The Rounded Column Corners at The Jacket Location.
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2.4.2.7. Shape memory alloy (SMA) spirals. Shape memory alloys (SMAs) are
materials capable of undergoing large inelastic deformation and regaining their
undeformed shape when subjected to heating. This effect is observed when the SMA is
deformed below the martensite finish temperature and then regains its original shape
when heated above the austenite finish temperature. If the SMA is constrained and not
able to fully recover its original shape, stress is generated in the material, which can
provide a prestress to the strengthened member. It is therefore essential to use a SMA
with martensite finish and austenite finish temperatures far from the environmental (inservice) temperature range.
SMAs are usually available in the form of strips, bars, and wires and are used to
confine and/or reinforce damaged regions of RC columns. Due to the unique
characteristic of SMAs, if they are arranged in spirals or hoops around the column cross
section, they can generate an active confinement to the damaged region. The ability to
provide active confinement is an advantage over other conventional systems that are
provide passive confinement only. On the other hand, SMAs are a relatively new
material, and the high cost of SMAs limits their use. Furthermore, there is currently no
information available about the durability of the material and the effect of degradation on
its performance. This method consists of wrapping SMA wires around the RC column
cross section in order to provide confinement (see Figure 2.14). After the material is
heated, active confining pressure is provided to the column.
Before applying the SMA spirals, all loose concrete cover should be removed and
replaced with non-shrink mortar. The SMA wires are stretched during their martensitic
phase, and then they are wrapped around the column and anchored at the ends of the
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wire. In order to activate the shape memory effect, the wires are then heated above the
austenite finish temperature. The restraint of the substrate prevents the SMA spirals from
recovering their initial shape, thus generating a tensile stress in the wires that results in
active confinement of the column. This method can only be used on columns with
circular or elliptical cross-section (Choi et al. 2015). In addition, the high cost of SMA
material generally limits the application to the plastic hinge region only. Researchers who
have studied the use of SMA to repair columns without fractured longitudinal bars
include Shin and Andrawes (2011). Their design enhanced the strength, ductility, and
stiffness of the repaired column. For the case of columns with fractured longitudinal
reinforcement, Shin and Andrawes (2011) were able to restore or enhance the column
strength, ductility, and stiffness.

Figure 2.14 SMA Active Confinement (Jung et al. 2018).
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2.5. REPAIR SYSTEM SELECTION
In this section, the results of the previous sections are synthesized in an attempt to
correlate the different repair systems with type and level of damage observed to RC
bridge columns after an earthquake occurs to enable the selection of an appropriate rapid
repair system.
2.5.1. Repair System Selection Process. Immediately after a seismic event
occurs, bridges considered essential for the transportation industry and for carrying out
emergency operations should be inspected by bridge engineers in order to evaluate the
extent and the degree of damage and to compare the current performance with the
performance requirement of the structure. If the current performance is not significantly
affected by the damage, it is possible to use the bridge without repair. Otherwise, if the
performance verification of the structure fails, it is necessary to determine if the bridge
can be repaired to the desired performance level. If so, it is necessary to select an
appropriate repair system and then design the repair reinforcement. If it is not possible to
repair the structure to the original or the desired level, the performance requirement must
be reduced, and restrictions on the use of the structure must be applied. Only afterwards
will it be possible to select a repair system and design the repair reinforcement. The
repair system should be applied to the structure only after verifying that the repaired
structure is able to return to the fully operative state or to a desired state of operation,
otherwise a different repair system must be selected, thus iterating the process described
above.
The major difference between a permanent repair and an emergency (or rapid)
repair of an earthquake-damaged bridge is that a permanent repair aims to restore the
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strength and deformation capacity of the damaged members to their initial state, whereas
an emergency repair is designed to prevent further damage and restore the minimum
functionality of the structure making it capable of accommodating essential traffic for
disaster mitigation, as described above (ATC-18 1997). Moreover, emergency repair
should be carried out rapidly in order to restore at least the minimum level of
functionality of the bridge as soon as possible. Low use of labor as well as availability of
the repair materials are qualities that define the most suitable systems to be used in
emergency situations.
Figure 2.15 illustrates the process for selecting a rapid repair system for a bridge
damaged by a seismic event. This logical process is valid for essential bridges that must
be repaired (i.e., the option to abandon the bridge is not allowed).
2.5.2. Expanded Damage State Scale. In this section, the damage states scale
proposed by Vosooghi and Saiidi (2010) discussed in Section 2.3.2 was expanded to
include two additional damage states. In addition to the damage states DS-1 to DS-5
defined by Vosooghi and Saiidi, the damage state of DS-0 was defined to classify
structural elements that, following a seismic event, exhibit damage that does not affect
the performance. Also, the damage state of DS-6 was defined to classify damage
associated with member failure. The expanded damage state scale is shown in Table 2.3.
2.5.3. Correlation of RC Bridge Column Repair Methods to Types and
Levels of Damage. As noted previously, the repair system selection depends on different
factors including column properties and damage classification. Since it is possible to
reach the same result with different strategies, and it is not possible to provide targeted
suggestions without knowing the characteristics and vulnerabilities of the bridge, the type
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and level of damage sustained by the columns, the skills of the available workforce, and
the availability of repair materials after the seismic event, the considerations formulated
in this section are of a general nature.

Figure 2.15 Flow Chart Describing the Process for Selecting a Rapid Repair System for
Earthquake-Damaged Bridges.
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Table 2.3 Damage Classification.
Damage
states

Damage
classification

Damage description

Repair

DS-0

None

Barely visible damage

No repair

DS-1

Minor

DS-2

Minor/moderate

DS-3

Moderate

Flexural cracks
Minor spalling and shear
cracks
Large cracks and spalling

Possible repair
Possible/minimum
repair
Minimum repair

DS-4

Moderate/serious

Visible reinforcement

Moderate repair

DS-5

Serious

Core damage

Intensive repair

DS-6

Critical

Buckling or fracture of
the reinforcement

Intensive repair/
replacement

Table 2.3 summarizes the suitability of different repair systems for a given
damage type and severity to aid in the selection. The effectiveness of the repair system,
the time required to carry out the repair, and the cost of the implementation were
evaluated for each repair system considering the type and level of damage. The parameter
Effectiveness of the system reflects a judgement on the appropriateness of the repair
system to restore or enhance the performance of an RC bridge column for a given
damage type, and for a given damage severity. The effectiveness of the repair system was
determined based on analysis of the results of the experimental tests reported in Tables
2.1 and 2.2. The Time parameter takes into account the speed of application, as well as
the time required to achieve a target strength of material, which are important for a rapid
repair. The third parameter is the Cost, since a complete evaluation of the performance of
any repair technique cannot be separated from a cost estimation. This parameter
considers the cost of the repair material relative to other repair materials. Sections 2.5.3.1
through 2.5.3.7 discuss the different repair methods considered and their applications.
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2.5.3.1. RC jackets. RC jacketing has proven to be a robust method to repair or to
increase the strength of RC bridge columns. It shows good performance in repairing
columns with flexural, shear, and torsional damage, and excellent performance in
repairing compression damaged columns. The results of tests available in literature show
that RC jackets are capable of enhancing the strength, ductility, and stiffness of damaged
columns without fractured reinforcing bars (i.e., damage states DS-1 to DS-5). The
results of columns with fractured reinforcing bars (i.e., damage state DS-6) repaired with
RC jackets are inconsistent, but nevertheless inferior (e.g., Lehman et al. 2001). Since the
implementation of this method is quite laborious and requires a minimum jacket
thickness, other methods are more appropriate for slightly damaged columns (i.e.,
damage states DS-1 and DS-2).
2.5.3.2. Steel jackets. Steel jackets, since they are adaptable to all conditions, can
be effectively designed to withstand flexural, shear, and torsional actions. The high
strength of the material typically results in a relatively small thickness required but makes
longitudinal elements susceptible to local buckling if compressed. Increases in the
column compressive strength, however, can be achieved by confinement effect. Results
of tests reported in Appendix A show that steel jackets can enhance the strength,
ductility, and stiffness of damaged columns without fractured reinforcing bars (i.e.,
damage states DS-1 to DS-5). No results have been reported for DS-6 damaged columns.
Application of steel jackets is labor intensive, therefore it may not be the best solution for
slightly damaged columns (i.e., damage states DS-1 and DS-2). Columns that have failed
(i.e., damage state DS-6) may require considerable use of steel to restore the original
strength, therefore the use of lighter material may be preferred.
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2.5.3.3. NSM rebar. The use of NSM (steel) rebar is usually focused on restoring
the flexural capacity of the RC column. Since longitudinal steel bars are inserted into the
column, the shear, torsional, and compression capacity can also be improved, although
improvements are generally minimal. Cyclic lateral loading tests conducted by Hasan et
al. (2016) showed that NSM rebar can be very effective to enhance the flexural strength,
ductility, and stiffness of a damaged column without fractured reinforcing bars (i.e.,
damage states DS-1 to DS-5). No results have been reported for DS-6 damaged columns.
Since cutting the grooves in the concrete surface is labor intensive, the method is
recommended for columns with moderate damage (i.e., damage states DS-3 to DS-5).
Columns that have already failed (i.e., damage state DS-6) may require a considerable
amount of reinforcing bars to restore their original strength, and therefore alternative
methods are preferred.
2.5.3.4. NSM FRP bars. NSM FRP bars are effective in restoring the flexural
capacity of RC columns. Since FRP bars are inserted in the column, the shear, torsional,
and compression capacity can also be improved, although improvements are generally
minimal. Since cutting the grooves in the concrete is labor intensive, this method is
recommended for columns with moderate damage (i.e., damage states DS-3 to DS-5).
Considering that FRP bars have a higher strength than conventional steel rebar, the
number of bars (and grooves required) can be reduced by using NSM FRP. No results
have been reported for DS-6 damaged columns; however, such columns may require a
considerable number of bars to restore their original strength, and therefore alternative
systems are preferred.

49
2.5.3.5. EB longitudinal FRP. EB longitudinal FRP reinforcement can be
designed to withstand bending actions. Their contribution to shear and torsional strength
is minor unless applied onto the appropriate faces and properly anchored. This method is
not considered to contribute to the compressive strength since the fibers act in tension
only. In experimental studies, this method is typically used in combination with other
techniques, such as EB transverse FRP reinforcement (jackets) installed outside the EBFRP longitudinal reinforcement, it is difficult to evaluate its effectiveness alone.
Anchorage of the reinforcement remains one of the major limitations of this method. In
fact, it is ineffective near the extremities of the column, where plastic hinges are usually
formed, unless adequately anchored. Different types of anchoring schemes have been
attempted, but it is difficult to evaluate their effectiveness. On the other hand, the high
strength of the material and ease of use make this technique suitable for all levels of
damage (i.e., damage states DS-1 to DS-6).
2.5.3.6. EB transverse FRP. EB transverse FRP reinforcement can effectively
enhance the shear, torsional, and compression strength of damaged RC bridge columns.
The contribution to the bending strength is minimal and is generally due to confinement
effect, thereby increasing the ductility of the element. Many studies have been conducted
on use of this method to repair RC columns without fractured bars with good results:
strength, ductility, and stiffness are typically restored, and in many cases they are also
enhanced. The effectiveness of the method for columns with fractured bars is more
difficult to evaluate, since in this case the system has been used in combination with other
methods. The results of tests in Tables 2.1 and 2.2 are inconsistent, and indicate that the
strength, ductility, and stiffness of columns repaired with this method can be lower or
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higher than the original value. The high strength of material and ease of use makes this
technique suitable for all levels of damage (i.e., damage states DS-1 to DS-6).
2.5.3.7. SMA wires. SMA wires have been proven to be valid solution to enhance
the shear, torsional, and compression strength of RC bridge columns. Test conducted on
RC damaged columns without fractured bars (i.e., damage states DS-1 to DS-5) show that
this method is capable of enhancing the strength, ductility, and stiffness of the element.
Tests on RC damaged columns with fractured bars (i.e., damage state DS-6) showed that
this method is capable of restoring the strength of the element and enhancing ductility
and stiffness. The high cost of the raw material limits the use of this technique to column
with a high degree of damage (i.e., DS-5 to DS-6).
Finally, the methods described above can be combined to optimize the
performance of the repair.
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Table 2.4 Selection of Rapid Repair System.
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3. MODELING OF REPAIRED RC BRIDGE COLUMNS

3.1. INTRODUCTION
This section presents the numerical models of the undamaged (original) and
repaired columns considered in this study. Two large-scale RC bridge column tests were
selected from the literature to be modeled using the Open System for Earthquake
Engineering Simulation (OpenSees) software framework (McKenna et al. 2000).
Specimens selected for modeling were flexure-dominated and had the full hysteretic
response of both the original and repaired columns reported so that the numerical model
of the columns could be validated. In addition, all dimensions and material properties
were reported.
The two specimens chosen for the simulation had different damage conditions and
repair strategies. The first column, tested by Sheikh and Yau (2002), had a circular crosssection and was repaired with a full-height GFRP jacket. The second column, tested by
Rutledge et al. (2014), had a circular cross-section and was repaired by plastic hinge
relocation using CFRP in the hoop and vertical directions, with the vertical CFRP
anchored into the footing. Additional confinement was applied in the new hinge region
using CFRP in the hoop direction.
The RC columns were modeled with the intent to evaluate the performance of the
different repair strategies. The material models used in the simulation were selected from
those available in OpenSees. The level of damage was considered by reducing the
material properties as described in Vosooghi (2010). The models developed in this study
followed the approach established by He et al. (2016), which proved to be capable of
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reproducing the response of a repaired column in terms of initial stiffness, base shear
capacity, strength degradation, and stiffness degradation.

3.2. MODELING APPROACH
The columns were modeled as a fiber section object, in which the cross section is
discretized into fibers, since studies have shown that the fiber element method can be
effective in simulating the response of RC members under seismic loading (Shao et al.
2005, Zhu et al. 2006, Xiao and Ma 2005). Each fiber is characterized by a prescribed
uniaxial material, an area, and a location. The core concrete, cover concrete, and
longitudinal steel fibers were defined by a uniaxial stress-strain model corresponding to
the material they represent.
Confined and unconfined concrete were modeled in OpenSees using Linear
Tension Softening Concrete02 material. The compressive stress–strain relationship of the
material model is based on the uniaxial Kent–Scoff–Park concrete material model (Kent
and Park 1971). The tensile stress–strain relationship is bilinear with the same modulus as
the compressive elastic modulus. The effect of the confinement caused by the internal
transverse reinforcement and by the external transverse reinforcement was evaluated
using Mander’s model (Mander et al. 1988). Figure 3.1 shows the stress-strain
relationship, as well as the input required, of the Concrete02 Material implemented in
OpenSees.
The longitudinal reinforcing steel was modeled in OpenSees as Hysteretic
material. This model was preferred to the uniaxial models available in OpenSees based
on previous investigation on the capability to simulate the strength degradation due to bar
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fracture or buckling and to achieve convergence at large strains (He et al. 2016).
Moreover, the OpenSees Hysteretic function allows the reproduction of stress-strain
curves when experimental test results carried on reinforcing steel are available. The
Hysteretic material model requires three stress–strain inputs in both tension and
compression to represent the monotonic behavior of the reinforcing steel. The cyclic
behavior of the steel model is controlled by additional parameters px (pinching factor for
strain during reloading), py (pinching factor for stress during reloading), D1 (damage due
to ductility), D2 (damage due to energy), and β (power used to determine the degraded
unloading stiffness based on ductility). The behavior of reinforcing steel in tension and
compression was modeled with the same values. Figure 3.1 shows the stress-strain
relationship, as well as the input needed, of the Hysteretic material implemented in
OpenSees.

a

b

Figure 3.1 Material Models. a) Concrete02 Material – Linear Tension Softening and b)
Hysteretic Material (Mazzoni et al. 2006).
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A study performed by Vosooghi and Saiidi (2010), based on the review of shake
test data on 30 RC bridge columns, allowed the identification of five damage states (DS)
corresponding to five apparent levels of damage: DS-1: flexural cracks; DS-2 first
spalling and shear cracks; DS-3: extensive cracks and spalling; DS-4: visible transverse
and longitudinal bars; and DS-5: imminent failure. Under DS-5, the most extreme
damage state considered, only a few longitudinal bars may exhibit slight buckling with no
appreciable impact on the ability of the column to carry axial load. In the case of the
repaired columns, the reinforcing steel properties were modified according to the damage
state as defined above to account for the effect of previous earthquake damage on the
column (Vosooghi 2010). The Hysteretic material used to model the existing longitudinal
bars in the repaired column was adjusted to modify the elastic modulus by applying
reduction factors selected based on the damage state. This study implemented the factors
suggest by Vosooghi (2010) with values of 0.67, 0.5, and 0.2 for damage states DS-2,
DS-3, and DS-5, respectively.
For an RC column subjected to a lateral load, it is well established that the total
lateral deflection can be attributed to deformations due to flexure, shear, and bond slip
(Scott et. al 1982, Paulay and Priestley 1992). In this model, the shear and bond slip
deformations were simulated by using zero-length springs, referred to as shear and bond–
slip springs, respectively.
The parameters needed to predict the shear response of columns are generally
approximated using empirical equations, and currently there is no consensus on the best
available model (Amirsardari et al. 2016). In this study, the shear spring was modeled as
a ZeroLength element, in which the force–deformation relationship in the loading

56
direction was modeled with the Hysteretic material. The force–deformation relationships
in the other directions were modeled with elastic materials with a large elastic stiffness
close to infinity to exclude the flexibility in those directions. In the Hysteretic model, a
tri-linear curve was used to represent the backbone of the force–deformation relationship,
for which values were obtained using the software Response 2000 (Bentz and Collins
2000). The shear spring schematic approach is represented in Figure 3.2. The pinching
effect and strength degradation were neglected in the cyclic behavior of the shear spring,
and the unloading stiffness was kept as the initial elastic stiffness.

Figure 3.2 Shear Spring in Series Model Using Hysteretic Material Model (Elwood
2004).

The rigid body rotation caused by bar-slip is capable of dramatically increasing
the column flexibility. Therefore, it is usually incorporated into an FE model using a
zero-length spring. However, recent studies suggest using zero-length fiber sections to
incorporate bar-slip (Berry 2006, Ghannoum and Moehle 2012, Zhao and Sritharan
2007). In the zero-length fiber section, the critical strain values that characterize the
concrete and steel models are magnified by a factor that is proportional to the amount of
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slip expected. Zero-length fiber sections are sometimes favored over zero-length springs
constructed as a simple stress-strain relationship for modeling bond-slip because fiber
models allow for the modification of the neutral axis location depending on the applied
axial load and loading direction, resulting in increased model accuracy (Ghannom and
Moehle 2012).
To consider the bond slip from strain penetration effects, a bond-slip spring was
added to the model. The bond–slip spring was modeled as a ZeroLengthSection element,
where the section discretization of the element was the same as that of the column
element. The concrete in the section of the bond–slip spring was modeled using the
OpenSees Concrete02 material - Linear Tension Softening to represent the unconfined
and confined concrete. A stress-slip relationship was used to characterize the reinforcing
steel. According to Zhao and Sritharan (2007), the bar stress versus loaded-end slip can
be assumed as a linear relationship for the elastic region and a curvilinear relationship for
the post-yield region. The curvilinear relationship is represented by the equation:
𝑠̃
𝜇−𝑠
𝜎̃ =
𝑅𝑒
1
𝑠̃ 𝑅𝑒 1⁄𝑅𝑒
[(
) + (𝜇 − 𝑠̃ ) ]
𝜇∗𝑏

(3.1)

where 𝜎̃ is the normalized steel bar stress defined as 𝜎̃ = (𝜎 − 𝑓𝑦 )/(𝑓𝑢 − 𝑓𝑦 ), 𝑠̃ is the
normalized bar slip defined as 𝑠̃ = (𝑠 − 𝑠𝑦 )/𝑠𝑦 , 𝜇 is the ductility coefficient defined as
𝜇 = (𝑠𝑢 − 𝑠𝑦 )/𝑠𝑦 , b is the stiffness reduction factor that represents the ratio of the initial
slope of the curvilinear portion at the onset of yielding to the slope in the elastic region,
𝑓𝑦 and 𝑓𝑢 are the yield and ultimate strengths of the steel reinforcing bars, respectively,
and 𝑠𝑦 and 𝑠𝑢 are the loaded-end reinforcing bar slips when the bar stresses are 𝑓𝑦 and 𝑓𝑢 ,
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respectively. The value of factor 𝑅𝑒 should be slightly greater than one to maintain a zero
slope near ultimate strength of the bar. Equation (1) is implemented in the OpenSees
function Bond SP01- Strain Penetration Model for Fully Anchored Steel Reinforcing
Bars. The reinforcing bar slip at member interface under yield stress 𝑠𝑦 can be obtained
from:
1⁄
𝛼

US customary: 𝑠𝑦 (in. ) = 0.1
[

𝑑𝑏 (in. ) 𝑓𝑦 (psi)
(2𝛼 + 1)
4000
′
√𝑓 𝑐 (psi)

+ 0.013(in. )
]

1⁄
𝛼

SI: 𝑠𝑦 (mm) = 0.1
[

𝑑𝑏 (mm) 𝑓𝑦 (MPa)
(2𝛼 + 1)
4
′
√𝑓 𝑐 (MPa)

+ 0.34(mm)

(3.2)

]

where 𝑑𝑏 is the rebar diameter, 𝑓 ′ 𝑐 is the concrete compressive strength, and 𝛼 is a
parameter used in the local bond–slip relation and can be taken as 0.4. The reinforcing
bar slip at the loaded end at ultimate stress 𝑠𝑢 can be calculated as a value between 30
and 40 times 𝑠𝑦 .

3.3. ORIGINAL AND REPAIRED COLUMN MODELS
This section describes the numerical models and the corresponding experimental
tests of the original and repaired specimens selected for this study. The column tested by
Sheikh and Yau (2002) is referred to as Column A and is presented in Section 3.3.1. The
column tested by Rutledge et al. (2014) is referred to as Column B and is presented in
Section 3.3.2.
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3.3.1. Column A. The first test selected for the simulation was carried out by
Sheikh and Yau (2002). The test specimen, named R-1NT, was 1470 mm high and had a
circular cross-section of 356 mm. Figure 3.3 shows the dimensions of the column and the
layout of the internal reinforcement.

Figure 3.3 Column A: Column and Cross-Section Dimensions of Specimens Tested by
Sheikh and Yau (2002).

3.3.1.1. Experimental description. The specimen was damaged to a certain
extent under axial and lateral load, repaired under axial loads with a GFRP jacket, and
then tested to failure. Both the original and repaired columns were subjected to inelastic
cyclic loading while simultaneously carrying axial load equal to 𝑃 = 0.54𝑃0 , where 𝑃0 =
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[0.85𝑓 ′ 𝑐 (𝐴𝑔 − 𝐴𝑠 ) + 𝐴𝑠 𝑓𝑦 ] . The column was initially subjected to three load cycles with
the lateral deflection ∆1 calculated using the theoretical sectional behavior of the column
and integrating curvatures along the length of the specimen (Sheikh and Yau 2002). ∆1
was defined as the lateral deflection corresponding to the maximum lateral load along a
line that represented the initial stiffness of the specimen (Sheikh and Yau 2002). The
specimen was further damaged with two cycles of 1.4∆1 . Flexural cracks were observed
in the hinging zone at approximately 100 to 400 mm from the stub face. Some spalling of
the top cover occurred at 435 to 685 mm from the stub. Yielding of longitudinal
reinforcement was also observed.
After the original test was completed, the damaged column was repaired with a
high-early strength mortar and confined with 2 layers of 1.25 mm thick GFRP while it
was subjected to 2/3 of the original applied axial load. The repair mortar was cured two
days before the GFRP was wrapped around the column.
The loading protocol used to carry out the inelastic cyclic loading on the repaired
column, shown in Figure 3.4, consisted of one cycle to a displacement of 0.75∆1 (defined
above) followed by two cycles each to 1∆1, 2∆1, 3∆1 ... and so on, until the specimen was
unable to maintain the applied axial load.
During the test, the lateral load and section capacity of the repaired column
increased with each load cycle until failure, which was caused by jacket opening. Figure
3.5 shows a photo of the repaired column at the end of the test. Figure 3.6 shows the
cyclic behavior of both the original and repaired columns. Table 3.1 compares the
measured main hysteretic values of the original and repaired column.
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Figure 3.4 Column A: Specified Displacement History (Sheikh and Yau 2002).

Figure 3.5 Column A: R-1NT Repaired Column Failure (Sheikh and Yau 2002).

62

a

b

Figure 3.6 Column A Cyclic Behavior. a) Original and b) Repaired Specimen (Yau
1998).

Table 3.1 Column A: Measured Cyclic Behavior Results.

Original
Repaired

Initial Stiffness
(kN/mm)
6.26
4.48

Maximum base
shear (kN)
120
150

Maximum tip
displacement (mm)
18
85

3.3.1.2. Column numerical model and validation. Both the original and
repaired columns were modeled as a non-linear beam-column element with a fiber crosssection consisting of 7 subdivisions (fibers) in the circumferential direction and 12
subdivisions (fibers) in the radial direction. Figure 3.7 shows the column model and
cross-section discretization. The repaired column, represented in Figure 3.8, was wrapped
by a GFRP jacket. Therefore, the cross-section was subdivided into two macro areas: the
cover confined by the GFRP jacket, and the core confined by both the transverse
reinforcement and the GFRP jacket.
Tested values of the material properties, reported in Figure 3.9, were used to
model the stress-strain curve of the reinforcing steel bars and effect of GFRP
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confinement. The compressive strength of concrete 𝑓′𝑐 was reported as 42.8 MPa, while
the GFRP tensile strength and modulus were 400 MPa and 20 GPa, respectively.

Figure 3.7 Column A: Original Column and Cross Section Model.

The experimental cyclic test carried out on Column A was modeled in OpenSees
according to the description in Section 3.2. The software was run on a workstation with
an Intel Xenon processor with a speed of 3.6 GHz on a 64-b operating system. The
program took approximately 1 minute. The analysis graphs presented below were
obtained by plotting OpenSees output text files using MATLAB. In Figures 3.10 and 3.11
the numerical results of Column A are shown and compared with the experimental
backbone curves. The numerical results are in good agreement with the experimental
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results. These results show the repaired column can be simulated using the proposed
approach.

Figure 3.8 Column A: Repaired Column and Cross Section Model.

a

b

Figure 3.9 Column A Materials Specification. a) Tensile Stress-Strain Curves for
Reinforcing Steel Bars And b) Tensile Force-Strain Curves for GFRP Composite (Sheikh
and Yau 2002).
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Figure 3.10 Column A: Numerical and Experimental Cyclic Behavior of Original
Column.

Figure 3.11 Column A: Numerical and Experimental Cyclic Behavior of Repaired
Column.
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3.3.2. Column B. The second test selected for the simulation was carried out by
Rutledge et al. (2014), who investigated the behavior of single curvature bridge columns.
The column, identified by Rutledge et al. (2014) as Specimen 2, was 2440 mm high and
600 mm in diameter. The cross-section longitudinal reinforcement consisted of 16 #6
(12.7 mm dia.) reinforcing steel bars, while the transverse reinforcement was a #3 (9.5
mm dia.) spiral with 50 mm pitch. Figure 3.12 shows the column dimensions and the
location of reinforcement in the cross-section.

Figure 3.12 Column B: Column and Cross-Section Dimensions of the Specimens Tested
by Rutledge et al. (2014).

3.3.2.1. Experimental description. Prior to repair, and in a different research
program (Goodnight et al. 2012), the column was tested in a static manner using the top
column displacement, obtained by nonlinear time history analysis of the column itself
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under the influence of the Chile 2010 earthquake, as the actuator motion. Also prior to
repair, the column was additionally subjected to a cyclic loading referred to as “cyclic
aftershock” in accordance with the displacement history reported Figure 3.13. At the end
of the test, two buckled bars were noticed, while none fractured. An identical undamaged
column was tested by Goodnight et al. (2012) until failure using the same displacement
history shown in Figure 3.13.
The damaged RC column was repaired by plastic hinge relocation using CFRP in
the hoop and vertical directions, with the vertical CFRP anchored into the footing.
Additional confinement was applied in the new hinge region using CFRP in the hoop
direction. The design of the repair aimed to increase the flexural strength of the original
hinge creating a capacity-protected region. The repair procedure began by removing the
loose concrete from the column and replacing it using a commercial cementitious system.
The buckled longitudinal bars were not straightened. The CFRP was applied using a wet
layup technique. A single layer of vertical fibers was impregnated by epoxy resin and
then applied onto the column from the base up to 600 mm around the circumference. The
carbon fiber anchors were inserted in evenly distributed holes drilled into the footing and
with fans splayed on the column. Two more layers of vertical CFRP were subsequently
applied on the region. The final step was to wrap the column up to 600 mm with six
CFRP layers in the hoop direction.
The repaired column was subjected to a loading referred to as “Test two”. During
“Test two”, the repaired column was subjected to displacement-controlled symmetric
three-cycle load history while simultaneously carrying an axial load ratio (𝑃/𝑓′𝑐 𝐴𝑔 ) of
6%, corresponding to 756 kN. The lateral load sequence, shown in Figure 3.13, consisted
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of one cycle to a displacement 0.25𝐹𝑦 , 0.50𝐹𝑦 , 0.75𝐹𝑦 , followed by three cycles of 1μ,
1.5μ, 2μ, 2.5μ, 3μ, 4μ, 6μ, 8μ,10μ, 12μ, where μ indicates the displacement ductility.

Figure 3.13 Column B: Specified Displacement History Used during “Test Two”
(Rutledge 2012).

Figure 3.14 shows a photo of the repaired column at the end of the test. Figures
3.15 and 3.16 show the cyclic behavior of the original and repaired columns,
respectively. Table 3.2 compares the measured main hysteretic values of the original and
repaired column.
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Figure 3.14 Column B: Photo at Peak Displacement (Rutledge 2012).

Figure 3.15 Column B: Cyclic Behavior of the Control Column (Goodnight et al. 2012).
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Figure 3.16 Column B: Cyclic Behavior of the Original Repaired Specimen (Rutledge
2012).

Table 3.2 Column B: Measured Cyclic Behavior Results.

Original
Repaired

Initial Stiffness
(kN/mm)
12.02
9.10

Maximum base
shear (kN)
312
416

Maximum tip
displacement (mm)
216
224

3.3.2.2. Column numerical model and validation. Both the original and
repaired columns were modeled as non-linear beam column elements with a fiber crosssection consisting of 7 subdivisions (fibers) in the circumferential direction and 12
subdivisions (fibers) in the radial direction. Figure 3.17 shows the column model and
cross-section discretization. The repaired column, represented in Figure 3.18, was
reinforced using vertical and horizontal sheets of CFRP. Therefore, the cross-section was
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subdivided in regions: the cover confined by the CFRP jacket, and the core confined by
both transverse reinforcement and the CFRP jacket. Tested values of the material
properties, reported in Table 3.3, were used to model the stress-strain curve for the
reinforcing bars and effect of CFRP confinement. Since the repair strategy used by
Rutledge et al. (2014) aimed to repair RC bridge columns by plastic hinge relocation and
given the promising result of their test confirmed by Figure 3.14, the lower portion of the
RC repaired column was modeled with increased stiffness and strength.

Table 3.3 Column B: Material Properties.
Longitudinal steel

Transverse
steel

Concrete

CFRP sheets

CFRP anchors

Yield
(MPa)

Ultimate
(Mpa)

Yield
(Mpa)

𝑓′𝑐
(Mpa)

Tensile
Strength
(Mpa)

Tensile
Modulus
(Gpa)

Tensile
Strength
(Mpa)

Tensile
Modulus
(Gpa)

469

654

511

42.1

834

82

745

61.5

The experimental cyclic test carried out on Column B was modeled in OpenSees
according to the description in Section 3.2. The software was run on a workstation with
an Intel Xenon processor with a speed of 3.6 GHz on a 64-b operating system. The
program took approximately 1 minute. The analysis graphs presented below were
obtained by plotting OpenSees output text files using MATLAB. In Figure 3.19 and 3.20
the numerical results of Column B are shown and compared with the experimental
backbone curves. These results show the repaired column can be simulated using the
proposed approach.
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Figure 3.17 Column B: Original Column and Cross Section Model.

Figure 3.18 Column B: Repaired Column and Cross Section Model.
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Figure 3.19 Column B: Numerical and Experimental Cyclic Behavior of Original
Column.

Figure 3.20 Column B: Numerical and Experimental Cyclic Behavior of Repaired
Column.
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3.4. SUMMARY
In this section, numerical simulation was used to model the response of two
original (undamaged) and repaired reinforced concrete (RC) columns reported in the
literature. The two specimens chosen for the simulation had different damage conditions
and repair strategies.
The methodology adopted in this work was based on previous work by He et al.
(2016). In the present study, the method was extended to columns with different repair
conditions. Although similar, modeling the response of repaired RC columns required a
thorough evaluation of the pre-repair and post-repair damage states, as well as the repair
design in order to accurately simulate the response.
Results of the numerical cyclic behavior were in good agreement with the
experimental cyclic behavior in terms of initial stiffness, maximum base shear, strength
degradation, and stiffness degradation. These results confirm that the repaired columns
can be simulated using the proposed approach.
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4. BEHAVIOR OF RC BRIDGE STRUCTURE

4.1. INTRODUCTION
This section presents the numerical results of the RC bridge structure models with
undamaged (original) and repaired columns considered in this study. A prototype bridge
was selected to be modeled using the Open System for Earthquake Engineering
Simulation (OpenSees) software framework (McKenna et al. 2000). The original and
corresponding repaired bridge column models developed in Section 3 were implemented
into the bridge structure model in different locations with the intent to evaluate the postrepair seismic response of the bridge structure with different numbers and locations of
repaired columns. Ground motion records were selected from the Pacific Earthquake
Engineering Research Center (PEER) Strong Motion Database and applied to the bridge
structure model using incremental dynamic analysis (IDA). The aim of the dynamic
analysis was to generate IDA curves of the intensity measure (IM) vs. damage measure
(DM) for the selected ground motion records. A 5% damped first mode spectral
acceleration Sa(T1,5%) (where T1 is the period of the 1𝑠𝑡 mode response) was adopted as
the IM, and the maximum drift ratio was adopted as the DM. The methodology adopted
in this study was previously established by He et al. (2016) and was extended in this
work to investigate the performance of different RC column repair systems.

4.2. BRIDGE STRUCTURE MODEL AND VALIDATION
A three-span RC bridge structure provided by the Federal Highway
Administration named Seismic Design of Bridges – Design Example No. 4 (FHWA
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1996) was modeled in OpenSees. The bridge had RC columns with a geometry (in terms
of cross-sectional shape and aspect ratio) similar to those simulated in Section 3. The
superstructure was designed with continuous span of lengths 3048 cm, 3657 cm, and
3048 cm. The 30-degree skew between the superstructure and bents was not considered
since the skew effect was not the focus of this study. Figure 4.1 shows an illustration of
the prototype bridge model.

Figure 4.1 Design Example No. 4 Bridge Dimensions.

The RC bridge columns had a height of 610 cm and a circular cross-section with
122 cm diameter. The columns were reinforced with 34 ASTM 706 Grade 60 No. 11 (35
mm dia.) longitudinal bars, and No. 5 (16 mm dia.) spirals at a spacing of 89 mm with a
concrete cover of 50 mm. The resulting longitudinal and transverse reinforcing ratios
were 2.79% and 0.8%, respectively. The effective height of the columns was 713 cm
from the top of the footing to the centroid of the gross cross-section of the box girder,
with a resulting aspect ratio of 5.85 for the columns. According to the design example
(FHWA 1996), the bridge was designed for seismic loading using the Standard
Specification for Highway Bridges (AASHTO 1995). The bent columns were designed to
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be cast in place (CIP) monolithically with the CIP box girder resulting in a nearly fixed
joint between the superstructure and the substructure.
The bridge was modeled using OpenSees with a 1/2–scale to be adapted to fit the
dimensions of the RC columns chosen previously (Section 3). The superstructure model
consisted of 12 elements, four elements per span, located in a single line along the
centerline of the bridge structure. The moment of inertia and the torsional stiffness of the
superstructure were determined based on gross cross-sectional properties. The mass
density of the superstructure was adjusted so the fundamental frequency remained the
same as the full-scaled bridge. Figure 4.2 shows the numerical model of the scaled bridge
structure in OpenSees.

Figure 4.2 Numerical Model of the Scaled Bridge Structure.

For simplification purposes, the analysis focused on the response of the bridge
structure in a single direction corresponding to the predominant direction of the response.
Modal analysis was conducted to validate the numerical bridge model. The fundamental
frequency of the model including only original columns determined from the modal
analysis was 1.236 Hz, which is similar to the value provided for the full-scaled bridge in

78
the example No. 4 (1.202 Hz), see Figure 4.3. The deformed modal shapes are shown in
Figure 4.4.

Figure 4.3 Example No. 4 Modal Periods and Vibrations (FHWA 1996).

a

b

Figure 4.4 Example No. 4 Deformed Shapes for a) Mode 1, b) Mode 2 (FHWA 1996).
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4.3. MODELING OF RC BRIDGE STRUCTURE WITH REPAIRED COLUMNS
4.3.1. Models Considered. Similar to the study by He et al. (2016), the analysis
was conducted for the prototype bridge structure using seven different models to consider
different scenarios of repaired columns. For each repair system studied, the pairs of
original and corresponding repaired bridge column models developed in Section 3 were
implemented into the seven bridge structure models as follows.
As the first step, the control bridge column models were implemented into the
bridge structure model. In this scenario, the original columns were modeled as columns 1
to 4 defined in Figure 4.2 of the bridge model validated in Section 4.2. The model with
Column A original columns (Section 3.2.1) is referred to as Bridge A. The model with
Column B original columns (Section 3.2.2) is referred to as Bridge B. The bridge
structure models with different scenarios of repaired columns are referred as models R-1,
R-12, R-13, R-14, R-123, and R-1234, where R indicates the model included one or more
repaired column elements, and the numbers 1,2,3,4 identify the columns that were
repaired in the model. Column numbers are defined in Figure 4.2. The other columns in
each model were modeled as original columns.
Results of models R-1, R-12 (or R-13 or R-14), R-123, and R1234, which had 1,
2, 3, and 4 repaired columns, respectively, were used to study the influence of the number
of repaired columns. Results of Models R-12, R-13, and R-14, each with two repaired
columns, were used to study the influence of repaired column location.
4.3.2. Selection of Ground Motion Records. Twenty data sets of GM records
from seven earthquakes were selected according to the target design spectrum determined
with (AASHTO 1995). Each data set included subsets of data in two orthogonal
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directions recorded from the same event and record station resulting in 40 total GM
records. The GM records were obtained from the database provided by the Pacific
Earthquake Engineering Research Center (PEER). The records were selected among
those with relatively large magnitudes of 6.5–7.0 and with moderate epicentral distances
of 15–31 km. No pulse-like ground motion or near fault effects were considering in the
choice of the earthquakes.
According to Bradley et al. (2006), the selected GM records were scaled to a
spectral acceleration of 1.0 g at the fundamental time period of the structure. Table 4.1
shows the earthquake set with the relative PGA values. Figure 4.5 shows the pseudo
spectral acceleration for the selected GM records before and after scaling.
4.3.3. Incremental Dynamic Analysis (IDA). Incremental dynamic analysis
(IDA) was conducted to evaluate the post-repair seismic performance of the prototype
bridge structure with one or more repaired columns. Although currently IDA is not
widely used in practice due to high computational demand, the availability of
increasingly powerful computers and algorithms makes it a promising and increasingly
effective tool. IDA enables a thorough and systematic evaluation of the seismic
performance of structures because it considers a wide range of ground motions with
different frequency content and different intensity levels.
The development of the IDA method and details regarding the concepts are
described in detail by Vamvatsikos and Cornell (2002). Accordingly, the following
procedure was used to generate the IDA curves of the bridge models: (1) scaling each of
the 40 selected GM records with an increment 0.1 g from zero to a value where numerical
non-convergence of the dynamic analysis on the models occurred; (2) recording the
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maximum drift ratio at the top of the columns under the scaled records, while in the case
of non-convergence the maximum drift ratio was set as infinity; and (3) plotting the
relationship between the intensity measure (Sa (T1, 5%)) and the damage measure
(maximum drift ratio) (He et al. 2016). Each point on each IDA curve is the result of a
single dynamic analysis for the bridge model subjected to a single scaled GM. An
average of 15 dynamic analyses, ranging from 0.1 to 1.5 times the GM scale factor, were
performed to obtain a single IDA curve.
The analysis was conducted using the OpenSees framework, while the output was
processed using the software MATLAB. A desktop computer with 12 logical processors
was used to conduct the IDA of the two bridge models. It should be noted that the IDA
method is analytically intensive, requiring many nonlinear analyses.
The IDA curves of Bridge A, with the seven scenarios with original and/or
repaired columns from Column A (Section 3.2.1) are shown in Figure 4.6, while the
bridge fundamental frequencies for each configuration are reported in Table 4.2. The IDA
curves of Bridge B, with the seven scenarios with original and/or repaired columns from
Column B (Section 3.2.2) are shown in Figure 4.7, while the bridge fundamental
frequencies for each configuration are reported in Table 4.3. Each solid line in Figures
4.6 and 4.7 represents the relationship between Sa (T1, 5%) and the drift ratio demand on
the columns for each GM record. The horizontal portion of each IDA curve represents the
instability or non-convergence of analysis of the bridge model, i.e., at the corresponding
Sa (T1, 5%) the structure may have collapsed. The results are discussed in Section 4.4.
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Table 4.1 Selected Earthquake Ground Motion Records from PEER Ground Motion
Database.
Earthquake
set

Event

Year

Station

Ma

LA – Hollywood Stor
FF
Cerro Prieto

6.61

Rrup
(km)

Record
no.

PGA
(g)

1
0.224
2
0.194
8
Imperial
3
0.168
2
1979
6.53
15.2
9
4
0.157
Valley-06
3
Imperial
5
0.235
3
1979
Delta
6.53
22.0
1
6
0.349
Valley-06
7
Imperial
7
0.144
4
1979
El Centro Array #12
6.53
19.9
7
8
0.118
Valley-06
9
Imperial
9
0.118
5
1979
El Centro Array #13
6.53
22.0
1
10
0.138
Valley-06
0
Irpinia -Italy 11
0.095
6
1980
Bisaccia
6.90
21.3
5
12
0.082
01
5
Superstition
El Centro Imp. Co.
13
0.357
7
1987
6.54
18.2
5
14
0.259
Hills-02
Cent
3
Superstition
Kornbloom Road
15
0.113
8
1987
6.54
18.5
5
16
0.139
Hills-02
(temp)
9
Superstition
Wildlife Liquef.
17
0.179
9
1987
6.54
23.9
0
18
0.207
Hills-02
Array
2
Spitak19
0.200
10
1988
Gukasian
6.77
24.0
6
20
0.174
Armenia
3
Agnews State
21
0.165
11
Loma Prieta
1989
6.93
24.6
0
22
0.137
Hospital
2
Coyote Lake Dam
23
0.160
12
Loma Prieta
1989
6.93
20.8
9
24
0.179
(Downst)
4
Coyote Lake Dam
25
0.151
13
Loma Prieta
1989
6.93
20.3
4
26
0.484
(SW Abut)
9
Hollister – South &
27
0.369
14
Loma Prieta
1989
6.93
27.9
7
28
0.178
Pine
9
29
0.268
15
Loma Prieta
1989
Hollister Diff. Array
6.93
24.8
7
30
0.278
9
Palo Alto – 1900
31
0.214
16
Loma Prieta
1989
6.93
30.8
6
32
0.204
Embarc.
6
Palo Alto – SLAC
33
0.194
17
Loma Prieta
1989
6.93
30.9
7
34
0.277
Lab
8
Sunnyvale – Colton
35
0.207
18
Loma Prieta
1989
6.93
24.2
1
36
0.207
Ave.
4
37
0.185
19
Northridge-01
1994 LA – Wadsworth VA
6.69
23.6
2
38
0.164
Hospital North
4
Playa Del Rey –
39
0.143
20
Northridge-01
1994
6.69
24.4
2
40
0.070
Saran
5
Ma = Magnitude; Rrup = closest distance to rupture plane; PGA = peak ground acceleration 1
1

San Fernando

1971

22.8

83

a

b

Figure 4.5 Pseudo Spectral Acceleration for the Selected GM Records: a) Before
Scaling, b) After Scaling.
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Table 4.2 Bridge A: Fundamental Frequency of Bridge Structure Model.
Mode 1 [longitudinal]
Bridge model

Frequency (Hz)

Period (sec)

Original (FHWA 1996)

Orig.

1.202

0.832

Control

Contr.

1.202

0.831

Retrofitted

R-1

1.201

0.832

R-12

1.201

0.832

R-13

1.201

0.832

R-14

1.201

0.832

R-123

1.200

0.833

R-1234

1.197

0.835

a

Figure 4.6 Bridge A: IDA Curves Of 40 GM Records and 16th, 50th, and 84th
Percentiles: a) Orig.; b) R-1; c) R-12; d) R-13; e) R-14; f) R-123; g) R-1234.
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b

c

Figure 4.6 Bridge A: IDA Curves Of 40 GM Records and 16th, 50th, and 84th
Percentiles: a) Orig.; b) R-1; c) R-12; d) R-13; e) R-14; f) R-123; g) R-1234 (cont.).
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d

e

Figure 4.6 Bridge A: IDA Curves Of 40 GM Records and 16th, 50th, and 84th
Percentiles: a) Orig.; b) R-1; c) R-12; d) R-13; e) R-14; f) R-123; g) R-1234 (cont.).
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f

g

Figure 4.6 Bridge A: IDA Curves Of 40 GM Records and 16th, 50th, and 84th
Percentiles: a) Orig.; b) R-1; c) R-12; d) R-13; e) R-14; f) R-123; g) R-1234 (cont.).
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Table 4.3 Bridge B: Fundamental Frequency of Bridge Structure Model.
Mode 1 [longitudinal]
Bridge model

Frequency (Hz)

Period (sec)

Original (FHWA 1996)

Orig.

1.202

0.832

Control

Contr.

1.202

0.831

Retrofitted

R-1

1.210

0.826

R-12

1.217

0.821

R-13

1.217

0.821

R-14

1.217

0.821

R-123

1.225

0.816

R-1234

1.232

0.811

a

Figure 4.7 Bridge B: IDA Curves Of 40 GM Records and 16th, 50th, and 84th
Percentiles: a) Orig.; b) R-1; c) R-12; d) R-13; e) R-14; f) R-123; g) R-1234.
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b

c

Figure 4.7 Bridge B: IDA Curves Of 40 GM Records and 16th, 50th, and 84th
Percentiles: a) Orig.; b) R-1; c) R-12; d) R-13; e) R-14; f) R-123; g) R-1234 (cont.).
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d

e

Figure 4.7 Bridge B: IDA Curves Of 40 GM Records and 16th, 50th, and 84th
Percentiles: a) Orig.; b) R-1; c) R-12; d) R-13; e) R-14; f) R-123; g) R-1234 (cont.).

91

f

g

Figure 4.7 Bridge B: IDA Curves Of 40 GM Records and 16th, 50th, and 84th
Percentiles: a) Orig.; b) R-1; c) R-12; d) R-13; e) R-14; f) R-123; g) R-1234 (cont.).
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4.3.4. Fragility Analysis. Figures 4.6 and 4.7 show the IDA curves of Bridge A
and Bridge B with the seven scenarios with original and/or repaired columns from
Column A and Column B, respectively. In each figure, the set of IDA curves
(corresponding to the 40 GM records) was summarized into curves corresponding to the
16th, 50th, and 84th percentiles, in which for a given Sa (T1, 5%) the percentile of all
drift ratio demands to the left of the curve was 16%, 50%, and 84%, respectively. The
percentile curves in Figure 4.6a–g and Figure 4.7a-g show that in general, with an
increasing number of repaired columns, the initial slope of the curve decreases, which
corresponds to the decreasing initial stiffness of the bridge structure. However, the
difference can only be quantified by fragility curves that relate the spectra acceleration at
the fundamental period of the structure with the probability of collapse. The fragility is
defined as the probability of the failure of a structure under a specific value of a seismic
response parameter, such as peak ground acceleration or spectral acceleration (Miari and
Nazri 2019).
The fragility curves were built in accordance with Baker (2015). The lognormal
cumulative function distribution used is presented in Equation (4.1).
𝑃(𝐶|𝐼𝑀 = 𝑥) = Φ (

𝑙𝑛(𝑥⁄𝜃)
𝛽

)

(4.1)

where 𝑃(𝐶|𝐼𝑀 = 𝑥) is the probability that a ground motion with IM = x will cause
collapse of the structure, Φ( ) is the standard normal cumulative distribution function
(CDF), 𝜃 is the median fragility function (the IM level with 50% probability collapse),
and 𝛽 is the standard deviation of ln(IM). Calibrating Equation 4.1 for a given structure
requires estimating 𝜃 and 𝛽 from structural analysis results.
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IDA analysis involved scaling each ground motion until it caused collapse of the
structure (Vamvatsikos and Cornell 2002). Therefore, the analysis produces a set of IM
values associated with the collapse of the structure for each ground motion. The fraction
of records for which collapse occurs at a level lower than x can then be used to estimate
the probability of collapse at a given IM = x. The mean and standard deviation can be
calculated by taking logarithms of each ground motion IM value associate to the structure
collapse:
𝑛

1
𝑙𝑛 𝜃̂ = ∑ 𝑙𝑛𝐼𝑀𝑖
𝑛

(4.2)

𝑖=1

𝛽̂ = √

𝑛
1
𝐼𝑀
∑ (𝑙𝑛 ( 𝑖⁄ ̂))2
𝜃
𝑛 − 1 𝑖=1

(4.3)

where 𝜃̂ and 𝛽̂ are the estimated median fragility curve and standard deviation,
respectively, n is the number of ground motions considered, and IMi is the IM value
associated with the structure collapse for the ith ground motion.
The fragility curves relative to the IDA performed on Bridge A and Bridge B are
shown in Figure 4.8 and Figure 4.9, respectively.
Figures 4.10 and 4.11 summarize the fragility curves obtained Bridge A and
Bridge B for all scenarios of repaired columns A and B, respectively.
The small deviation among the fitted fragility curves in Figure 4.10 prove that, for
the prototype bridge and seismic conditions considered, the repair strategy carried out by
Sheikh and Yau (2002), in any configuration, is capable to restore the seismic
performance of the damaged bridge to the pre-damage condition.
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a

b

Figure 4.8 Bridge A: Numerical Fragility Curves. a) Orig.; b) R-1; c) R-12; d) R-13; e)
R-14; f) R-123; g) R-1234.
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c

d

Figure 4.8 Bridge A: Numerical Fragility Curves. a) Orig.; b) R-1; c) R-12; d) R-13; e)
R-14; f) R-123; g) R-1234 (cont.).
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e

f

Figure 4.8 Bridge A: Numerical Fragility Curves. a) Orig.; b) R-1; c) R-12; d) R-13; e)
R-14; f) R-123; g) R-1234 (cont.).
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g

Figure 4.8 Bridge A: Numerical Fragility Curves. a) Orig.; b) R-1; c) R-12; d) R-13; e)
R-14; f) R-123; g) R-1234 (cont.).

Although the repaired column shows higher strength and ductility compared to
the original column, the reduced initial stiffness seems to negatively compensate the
strength and ductility gain, leading to overall equivalents seismic behavior of the bridge
structure.
The repaired column B outperformed the original column in both strength and
ductility, but with equivalent initial stiffness. The fragility curves in Figure 4.11 show
that, for the prototype bridge and seismic conditions considered, the repair method
proposed by Rutledge et al. (2014) was able to significantly enhance the seismic
performance of a bridge with two or more repaired columns. The configuration R-1 is the
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only one to show a higher probability of collapse compared to the original bridge, but for
values of Sa(T1,5%) larger than 1.
In both Figures 4.10 and 4.11, small variation was observed in the fragility curves
of bridge models containing the same number of columns, which suggests that, in this
case, the response of the repaired bridge is not sensitive to the location of repaired
columns. This observation is supported also by Figures 4.6b-c and 4.7b-c, where IDA
curves of the bridge models containing the same number of repaired columns show
minimal discrepancies.

a

Figure 4.9 Bridge B: Numerical Fragility Curves. a) Orig.; b) R-1; c) R-12; d) R-13; e) R14; f) R-123; g) R-1234.
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b

c

Figure 4.9 Bridge B: Numerical Fragility Curves. a) Orig.; b) R-1; c) R-12; d) R-13; e) R14; f) R-123; g) R-1234 (cont.).
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d

e

Figure 4.9 Bridge B: Numerical Fragility Curves. a) Orig.; b) R-1; c) R-12; d) R-13; e) R14; f) R-123; g) R-1234 (cont.).
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f

g

Figure 4.9 Bridge B: Numerical Fragility Curves. a) Orig.; b) R-1; c) R-12; d) R-13; e) R14; f) R-123; g) R-1234 (cont.).
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Figure 4.10 Bridge A: Summary of Fragility Curves.

Figure 4.11 Bridge B: Summary of Fragility Curves.
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4.3.5. IDA Limitations. Despite the fact that it is likely the most complete
seismic performance assessment approach, IDA is criticized mainly because of the
criteria used to select ground motions and the fact that multiple ground motion records
are scaled up until the structure collapses. In fact, the selection of the ground motion is
among the most critical factors that can influence the outcome of the IDA, and the
development of fragility curves. Until now, the number of ground motions that should be
selected for structural analysis has remained uncertain, and researchers have not agreed
on a definite number. Codes, on the other hand, provide a number that should be utilized;
however, the minimum number varies, ranging from 3 to 11 ground motions (Miari and
Nazri 2019).
Current ground motion databases contain only few ground motions capable of
producing large inelastic demands on structures with periods that exceed 0.5 s
(Zacharenaki et al. 2014). Due to the scarcity of natural records matching large
magnitudes and/or short distances from the fault rupture area, scaling ground motion
records has become a common practice. However, this procedure frequently results in
unreasonable multipliers, altering ground motion amplitude and injecting bias into
structural performance estimation.
When selecting ground motion records, several factors should be examined,
including the number of ground motions and the properties of the ground motion, such as
peak ground acceleration and distance from the epicenter. Moreover, the effect of pulselike ground motion and near fault earthquakes should be considered when studying the
overall structure seismic behavior.
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To overcome the issues noted above, researchers such as Liu et al. (2006)
developed a method for calculating broadband time histories of ground motion based on a
hybrid low-frequency/high-frequency approach, opening the door to the use of synthetic
earthquake ground motion records. A further step on how generate ground motion
records was achieved by Cui et al. (2013), with physics-based earthquake models,
although the computational time and modeling effort required renders this procedure less
attractive for problems involving IDA, where multiple ground motion records are needed.
All these factors are creating the conditions to run extensive IDA, using a large
number of seismic accelerograms, recorded or synthetic, to better simulate the structure
hazard exposure. Combining these new findings with the ever-increasing computational
power of domestic desktop computers, as well as the new and increasingly accessible ondemand cloud computing platform, can open the possibility to change the paradigm of
hazard analysis, switching the approach from probabilistic to quasi-deterministic. Section
5, and the proposed optimization methodology, is to be considered a first attempt in this
direction.

4.4. SUMMARY
In this study, incremental dynamic analysis (IDA) was conducted on numerical
bridge models to evaluate the efficacy of the column repair and the post-repair seismic
performance of the prototype bridge that included one or more repaired columns with
different repair conditions.
A three-span RC prototype bridge was modeled in OpenSees and validated using
a design example reported in the literature. Then the original and repaired column
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numerical models from Section 3 were implemented in the model in different scenarios.
IDA was conducted on the prototype bridge model that incorporated the developed
column models employing 40 ground motion (GM) records, which were selected and
scaled according to the target design response spectrum. The analysis was entirely carried
out using the OpenSees framework, while the output was processed using the software
MATLAB. More than 8000 time-history analyses were performed to assess the seismic
performance of an RC bridge built with two different column repair designs.
Results of the IDA showed the seismic performance of the RC prototype bridge
was only slightly affected by substituting the original columns with the repaired columns
considered, therefore proving the effectiveness of two different repair strategies
considered in this study. Within their group, test results of bridges with the same number
of repaired columns but in different locations were comparable, suggesting the overall
response is not affected by the location of the repaired columns. To confirm this
observation, valid for bridges with both Column A and Column B and for the columns
considered in He et al. (2016), further investigation should be carried out on different and
more complex bridge configurations.
Moreover, the initial stiffness of the repaired column appears to play a key role in
the bridge seismic behavior. This can be due to the fact that a member with lower initial
stiffness is prone to show larger deformation for the same level of strength demand,
reaching sooner a larger drift ratio, increasing therefore the ductility demand, but also
increasing the incurring of numerical non-convergence. A different explanation of this
interaction can be attributed to the IDA framework. Since the IDA earthquake scaling
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procedure is dependent on the bridge fundamental frequency, and therefore on the
columns’ initial stiffness, a modification of the repaired column stiffness value alters all
the acceleration values used in the dynamic analysis in a way that is difficult to predict.
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5. RETROFIT-REPAIR OPTIMIZATION METHODOLOGY

5.1. INTRODUCTION
This section presents a framework developed to optimize the level of (preearthquake) retrofit of RC bridge columns that can be rapidly repaired (i.e., in a 3-day
period) in the event of an earthquake. To do so, it is fundamental to define the RC bridge
performance requirements in terms of strength and ductility. The extensive review of the
literature on documented methods to repair RC bridge columns previously discussed and
summarized in Section 2 addresses the question of what level of damage an RC bridge
column can withstand and what level of damage is considered convenient to be repaired.
Another important consideration is the level of seismic action that is expected at the site
where the bridge is located.
The first step of the retrofit-repair optimization methodology developed in this
study was to use the IDA curves of the RC bridge with un-strengthened (control) columns
to evaluate the bridge seismic performance, similarly to what was done in Section 4.
Then, two performance requirements were set in terms of drift ratio and spectral
acceleration, resulting in a corresponding drift ratio limit DR(L) and a spectral
acceleration limit Sa(L). Finally, the response of the RC bridge with retrofitted columns
in different locations was evaluated using IDA with the aim of determining the best
configuration (in this case, corresponding to the lowest number of retrofitted columns)
for which the IDA curves did not exceed the prescribed limits.
To evaluate the response of the bridge with different configurations of retrofitted
columns, two large-scale RC bridge column tests were selected from the literature to be
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modeled using the Open System for Earthquake Engineering Simulation (OpenSees)
software framework (McKenna et al. 2000). Specimens selected for modeling were
flexure-dominated and had the full hysteretic response of both the control and retrofitted
columns reported so that the numerical model of the columns could be validated. In
addition, all dimensions, material properties, and test characteristics were reported. The
two columns had different internal reinforcement details resulting in different failure
modes of the un-strengthened columns. The first column, tested by Xiao and Ma (1997),
had a circular cross-section and was retrofitted using a prefabricated GFRP jacket. The
second column, tested by Chai et al. (1991), had a circular cross-section and was
retrofitted using a steel jacket. The RC columns were modeled with the intent to evaluate
the performance of the different retrofit strategies.

5.2. CONTROL AND RETROFITTED COLUMN MODELS
Using the modeling procedure similar to that discussed in Section 3, both the
control and retrofitted columns were modeled as non-linear beam-column elements with
a fiber section object, in which the cross section is discretized into fibers. Each fiber was
characterized by a prescribed uniaxial material, an area, and a location. The core
concrete, cover concrete, and longitudinal steel fibers were defined by a uniaxial stressstrain model corresponding to the material they represent.
Confined and unconfined concrete were modeled in OpenSees using the Linear
Tension Softening Concrete02 material. The compressive stress–strain relationship of the
material model is based on the uniaxial Kent–Scoff–Park concrete material model (Kent
and Park 1971). The tensile stress–strain relationship is bilinear with the same modulus as
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the compressive elastic modulus. The effect of the confinement caused by the internal
transverse reinforcement and by steel or FRP jacket was evaluated using Mander’s model
(Mander et al. 1988).
The longitudinal reinforcing steel was modeled in OpenSees as Hysteretic
material. The hysteretic material model requires three stress–strain inputs in both tension
and compression to represent the monotonic behavior of the reinforcing steel. The cyclic
behavior of the steel model is controlled by additional parameters px (pinching factor for
strain during reloading), py (pinching factor for stress during reloading), D1 (damage due
to ductility), D2 (damage due to energy), and β (power used to determine the degraded
unloading stiffness based on ductility).
The total lateral deflection of an RC column under lateral load is attributed to
flexural, shear, and bond slip deformations (Scott et. al 1982, Paulay and Priestley 1992).
Shear and bond slip deformations were simulated by using zero-length springs, referred
to as shear and bond–slip springs, respectively. The shear spring was modeled as a
ZeroLength element in OpenSees. The force–deformation relationship in the loading
direction was modeled with the Hysteretic material. The force–deformation relationships
in the other directions were modeled with elastic materials with a large elastic stiffness
that approaches infinity to exclude the flexibility in those directions. The pinching effect
and strength degradation were neglected in the cyclic behavior of the shear spring, and
the unloading stiffness was kept as the initial elastic stiffness. The unloading stiffness in
the shear spring cyclic behavior was kept as the initial elastic stiffness. A bond–slip
spring, modeled as a ZeroLengthSection element, was used to take into account the bond
slip from strain penetration effects. The bond-slip spring had the same section
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discretization of the column element, but a stress-slip relationship was used to
characterize the reinforcing steel. According to Zhao and Sritharan (2007), the
relationship of bar stress versus loaded-end slip can be assumed as a linear relationship
for the elastic region and a curvilinear relationship for the post-yield region.
5.2.1. Column C. The first retrofitted column test selected for the simulation was
carried out by Xiao and Ma (1997). The control test specimen, named C1-A in the
reference, was 2642 mm high and had a circular cross-section of 610 mm. Figure 5.1
shows the dimensions of the column and the layout of the internal reinforcement.

Figure 5.1 Column C: Column and Cross-Section Dimensions of Specimens Tested by
Xiao and Ma (1997).
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The column was reinforced using 20 No. 6 (nominal diameter 19.1 mm) Grade 60
bars (yield strength 462 MPa), for a longitudinal reinforcement ratio of 2% of the gross
area of the column section. The longitudinal steel bars were lap-spliced at the bottom of
the column with the starter bars in the footing with a lap length of 381 mm. The
transverse reinforcement consisted of No. 2 (nominal diameter 6.4 mm) hoops spaced at
127 mm. Concrete 28-day cylindrical strength was 44.8 MPa.
5.2.1.1. Experimental description. The test setup was designed to subject the
column to cyclic lateral forces in a single curvature condition while applying a constant
compressive axial load of 712 kN, corresponding to a ratio (P/f’cAg) of 5%. The axial
load ratio was considered in the appropriate range to simulate the column condition of a
typical multicolumn bent bridge (Xiao and Ma 1997). The lateral load sequence, shown
in Figure 5.2, was controlled by displacement increments based on the reference ductility
index. The initial loading cycles were applied corresponding to a peak displacement in
increments of 2.5 mm, until the column developed the calculated capacity corresponding
to the first yielding of the longitudinal bars. After the column developed the yield
capacity, three complete loading cycles were performed corresponding to 1𝜇, 1.5𝜇, 2𝜇,
3𝜇, 4𝜇, 6𝜇, and 8𝜇, where 𝜇 indicates the displacement ductility factor defined as the
ratio of displacement, Δ, to the reference yield displacement, Δ𝑦 .
Failure of the control column occurred due to insufficient lap-splice between the
longitudinal reinforcement and starter bars. Flexural cracks appeared at the bottom of the
column when the test reached a lateral displacement of 5 mm, which then extended to the
whole lap splice region at a displacement of 13 mm. At a displacement of 28 mm, the
first vertical crack appeared in the lap-splice region, indicating the initiation of the bond
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slip. After reaching a displacement of 41 mm, vertical cracks were fully spread in the lap
splice region, indicating complete bond-slip failure. The test was terminated at a
displacement of 61 mm when the lateral force capacity dropped to 50% of the maximum
capacity equal to 231 kN.

Figure 5.2 Column C: Specified Displacement History.

The retrofitted test specimen, named C3-RT5 in the reference (Xiao and Ma
1997), was reinforced using a prefabricated GFRP jacket. The jacket consisted of
multiple layers of unidirectional glass fibers arranged with 90% fibers oriented in the
hoop direction and 10% fibers oriented in the longitudinal direction, embedded in a 2-part
epoxy. The reported elastic modulus and ultimate strength in the circumferential direction
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were 48300 MPa and 552 MPa, respectively. Five layers of composite were used to
reinforce the lower portion of the column up to 1220 mm to maximize flexural
enhancement, while three layers were used to wrap the above portion for an additional
height of 991 mm. Urethan-based high strength adhesive was used to bond the
prefabricated composite shells forming a continuous jacket. A 19 mm gap was
intentionally provided between the footing and the bottom of the jacket.
The retrofitted column was tested using the same cyclic test protocol used for the
control column. During the test, flexural cracks were observed at the column base, where
the gap was left. At higher deformation, corresponding to a displacement ductility factor
of 8 and to an approximate drift ratio of 5%, fine horizontal cracks were observed on the
surface of the composite jacket that were attributed to the smaller fiber content in the
longitudinal direction. Deterioration of the bond in the lap splice region was observed as
consequence of the pullout of the starter bars. Nevertheless, no delamination or rupture of
the jacket was observed during the test. The retrofit method proved to be capable of
increasing both the load-carrying capacity and ductility. Figure 5.3 shows the cyclic
behavior of both the control and retrofitted columns. Table 5.1 compares the measured
main hysteretic values of the original and repaired column.
5.2.1.2. Column numerical model and validation. Both the control and
retrofitted columns were modeled as a non-linear beam-column element with a fiber
cross-section consisting of 7 subdivisions (fibers) in the circumferential direction and 12
subdivisions (fibers) in the radial direction. Figure 5.4 shows the column model and
cross-section discretization.
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a

b

Figure 5.3 Column C Cyclic Behavior: a) Control Column, b) Retrofitted Column (Xiao
and Ma 1997).

Table 5.1 Column C: Measured Cyclic Behavior Results.

Original
Repaired

Initial Stiffness
(kN/mm)
15.30
15.34

Maximum base
shear (kN)
222
329

Maximum tip
displacement (mm)
56
132

Since the column was designed with deficient lap splices length, also proved by
the failure mode of the control column, the OpenSees function Bond SP01- Strain
Penetration Model for Fully Anchored Steel Reinforcing was not appropriate to simulate
the longitudinal reinforcement behavior in the bond-slip zero-length fiber cross section.
Due to the column characteristics, the steel stress-strain behavior in the lap-splice
region was modeled according to Tariverdilio et al. (2009). The stress-strain curve,
shown in Figure 5.5, takes into account the arrangement of longitudinal bars, the amount
and spacing of transverse bars, and their yield stresses. 𝑓𝑠 is maximum stress developed in
lap-spliced bars, 𝑓𝑟 is residual stress, also referred to as frictional stress, ε𝑠 is strain
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corresponding to 𝑓𝑠 , and ε𝑟 denotes the strain corresponding to the start of the residual
stress zone.

Figure 5.4 Column C: Control Column and Cross Section Model.

To assess the stress-strain relation for lap splices, the relation proposed by
Priestley et al. (1996) was used to obtain the value of maximum force developed in the
lap-splice region, as shown in Equation (5.1).
𝑇𝑏 = 𝐴𝑏 𝑓𝑠 = 𝑓𝑡 𝑝𝑙𝑠

(5.1)
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where 𝑇𝑏 is the force developed in lap-spliced bar, 𝐴𝑏 is bar cross section, 𝑓𝑠 is bar stress,
𝑓𝑡 is tensile strength of concrete, 𝑝 is perimeter of characteristic block, and 𝑙𝑠 is the lapsplice length. Therefore, the maximum stress developed in the lap-splice region is:
𝑓𝑠 =

𝑓𝑡 𝑝𝐿𝑠
𝐴𝑏

(5.2)

Figure 5.5 Stress-Strain Curve for Lap-Spliced Bar.

The tensile strength of the concrete can be calculated as 𝑓𝑡 = 0.33√𝑓′𝑐 MPa
(Priestley et al. 1996), where 𝑓′𝑐 denotes the stress corresponding to the concrete
compressive strength. For circular columns, the perimeter of characteristic block is:
𝑝=

𝜋𝐷′
+ 2(𝑑𝑏 + 𝑐) ≤ 2√2 (𝑐 + 𝑑𝑏 )
2𝑛

(5.3)

where 𝑛 is the number of longitudinal bars of diameter 𝑑𝑏 evenly spaced around the
core, of diameter D′, with cover 𝑐. The residual stress 𝑓𝑟 is computed after the lap splice
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reaches its peak stress fs as noted by Tariverdilo et al. (2009) and shown in Equation
(5.4):
𝑓𝑟 =

𝑛1 𝑛𝑡 𝜇𝐴ℎ 𝑓ℎ
𝑛𝐴𝑏

(5.4)

where 𝑛1 denotes the number of transverse reinforcement legs perpendicular to the crack
plane, 𝑛𝑡 is the number of transverse reinforcements in the lap splice length, 𝜇 is the
frictional factor equal to 1.4, 𝐴ℎ is the area of crack surface, 𝑓ℎ is the yield strength of
transverse reinforcement, and n indicates the number of spliced longitudinal bars
developed by friction stress in the crack plane. The peak strain can be obtained from
Equation (5.5) (Zhang and Tien 2020):
𝜀𝑠 =

𝛥𝐵𝑎𝑟𝑆𝑙𝑖𝑝
𝑓𝑠
+
𝐸𝑠
𝑙𝑠𝑠

(5.5)

where 𝐸𝑠 is elastic modulus of steel bar, Δ𝐵𝑎𝑟𝑆𝑙𝑖𝑝 at peak stress is taken as 1 mm
(Tariverdilo et al. (2009), and 𝑙𝑠𝑠 is the length in which displacement due to slip
occurs and is taken as section depth. The stress-strain curve for lap-spliced bar was
modeled in OpenSees using the function Hysteretic Material.
The retrofitted column, represented in Figure 5.6, was wrapped by 5 or 3 layers of
GFRP jacket along the length. Therefore, the cross-section was subdivided into two
macro areas: the cover confined by the GFRP jacket, and the core confined by both the
transverse reinforcement and the GFRP jacket.
The experimental cyclic test carried out on Column C was modeled in OpenSees
according to the description in Section 3.2 and 5.2. The software was run on a
workstation with an Intel Xenon processor with a speed of 3.6 GHz on a 64-b operating
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system. The program took approximately 1 minute. The results were obtained by plotting
OpenSees output text files using MATLAB.

Figure 5.6 Column C: Retrofitted Column and Cross Section Model.

Figures 5.7 and 5.8 compare the numerical results and experimental results the of
Column C original and retrofitted columns, respectively. Both figures show that the
numerical results are in good agreement with the experimental results. These results show
the retrofitted column can be simulated using the proposed approach.
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Figure 5.7 Column C: Numerical and Experimental Cyclic Behavior of Control Column.

Figure 5.8 Column C: Numerical and Experimental Cyclic Behavior of Retrofitted
Column.
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5.2.2. Column D. The second retrofitted column test selected for the simulation
was carried out by Chai et al. (1991). The control column, identified as Test Unit 3 in the
reference, was 3657 mm high and 610 mm in diameter. The cross-section longitudinal
reinforcement consisted of 26 No. 6 (12.7 mm dia.) Grade 40 reinforcing steel bars (yield
strength 315 MPa), while the transverse reinforcement consisted of No. 2 (6.4 mm dia.)
Grade 40 circular hoops placed at 127 mm. The longitudinal reinforcement ratio was
2.53%, while the corresponding confining steel ratio was 0.18%. The continuous
longitudinal bars were anchored with 90-degree hooks in the footing. Concrete was
designed with a target compressive strength of 34.5 MPa. Figure 5.9 shows the column
dimensions and the location of reinforcement in the cross-section.
5.2.2.1. Experimental description. A vertical load of 1780 kN was applied to the
test column, which corresponds to an axial load ratio of (P/f’cAg) of 18%, while the
column was subjected to the lateral displacement pattern of increasing magnitude shown
in Figure 5.10. The yield displacement ∆𝑦 corresponds to the theoretical first yield of the
extreme tension steel bar.
Failure of the control column occurred due to buckling of the longitudinal
reinforcement corresponding to a maximum displacement ductility factor of μ=5. Before
failure, very little degradation in flexural strength was noted between cycles of the same
displacement magnitude.
The retrofitted test, named Test Unit 4, was reinforced using a steel jacket
fabricated from a 4.76 mm thick A36 hot-rolled steel. A 6.35 mm gap was provided
between the column and the jacket and was pressure-injected with a cement grout. The
cement grout compressive strength was evaluated using 51 mm diameter cylinders and
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ranged between 14 MPa and 17 MPa at an age of 14 days. To avoid bearing the jacket
against the footing, a gap of 25 mm was provided between the jacket and the footing. The
jacket was 1219 mm high to ensure the moment demand immediately above the jacket
would not exceed 75% of the unjacketed flexural capacity.

Figure 5.9 Column D: Column and Cross-Section Dimensions of the Specimens Tested
by Chai et al. (1991).
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Figure 5.10 Column D: Specified Displacement History (Chai et al. 1991).

The retrofitted column was tested using the same cyclic test protocol used for the
control column. In comparison with the control column, the Test Unit 4 showed
significant increase in both flexural strength and ductility, reaching a maximum
displacement ductility factor μ=8 in the push direction, corresponding to a drift ratio of
6%. The displacement ductility in the pull direction reached a maximum of μ=6.7 due to
test setup limitation. Failure was caused by low-cycle fatigue fracture of the extreme
tension reinforcement. Figure 5.11 shows the cyclic behavior of both the control and
retrofitted columns. Table 5.2 compares the measured main hysteretic values of the
original and repaired column.
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b

Figure 5.11 Column D Cyclic Behavior: a) Control Column, b) Retrofitted Column (Chai
et al. 1991).

Table 5.2 Column D: Measured Cyclic Behavior Results.

Original
Repaired

Initial Stiffness
(kN/mm)
7.87
8.77

Maximum base
shear (kN)
248
299

Maximum tip
displacement (mm)
138
221

5.2.2.2. Column numerical model and validation. Both the control and
retrofitted columns were modeled as a non-linear beam-column element with a fiber
cross-section consisting of 7 subdivisions (fibers) in the circumferential direction and 12
subdivisions (fibers) in the radial direction. Figure 5.12 shows the column model and
cross-section discretization. The retrofitted column, shown in Figure 5.13, was confined
by a steel jacket. Therefore, the cross-section was subdivided into two macro areas: the
cover confined by the steel jacket, and the core confined by both the transverse
reinforcement and the steel jacket.
The experimental cyclic test carried out on Column D was modeled in OpenSees
according to the description in Section 3.2 and Section 5.2. The software was run on a
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workstation with an Intel Xenon processor with a speed of 3.6 GHz on a 64-b operating
system. The program took approximately 1 minute. The results were obtained by plotting
OpenSees output text files using MATLAB. In Figures 5.14 and 5.15 the numerical
results of Column B are shown and compared with the experimental cyclic response. The
numerical results are in good agreement with the experimental results. These results show
the retrofitted column can be simulated using the proposed approach.

Figure 5.12 Column D: Control Column and Cross Section Model.
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Figure 5.13 Column D: Retrofitted Column and Cross Section Model.

5.3. MODELING OF RC BRIDGE STRUCTURE WITH RETROFITTED
COLUMNS
5.3.1. Overview. This section presents the numerical results of the RC bridge
structure models with retrofitted and corresponding control columns considered in this
study. A prototype bridge was selected to be modeled using the OpenSees software
framework (McKenna et al. 2000). The control column models developed in Section 5.2
were implemented into the bridge structure model with the intent to evaluate the seismic
response of the bridge structure and then examine how retrofitted RC columns effect the
system-level response. Ground motion records were selected from the Pacific Earthquake

126
Engineering Research Center (PEER) Strong Motion Database and applied to the bridge
structure model using incremental dynamic analysis (IDA). The aim of the dynamic
analysis was to generate IDA curves of the intensity measure (IM) vs. damage measure
(DM) for the selected ground motion records. A 5% damped first mode spectral
acceleration Sa(T1,5%) (where T1 is the period of the 1𝑠𝑡 mode response) was adopted as
the IM, and the maximum drift ratio was adopted as the DM.

Figure 5.14 Column D: Numerical and Experimental Cyclic Behavior of Control
Column.

5.3.2. RC Bridge Model and Validation. The prototype bridge described herein
is the same as that simulated in Section 4 of this dissertation. The three-span RC bridge
structure provided by the Federal Highway Administration named Seismic Design of
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Bridges – Design Example No. 4 (FHWA 1996) was modeled in OpenSees. The bridge
had RC columns with a geometry (in terms of cross-sectional shape and aspect ratio)
similar to those simulated in Section 5.2.

Figure 5.15 Column D: Numerical and Experimental Cyclic Behavior of Retrofitted
Column.

5.3.3. Models Considered. As the first step, the control bridge column models
developed in Section 5.2 were implemented into the bridge structure model. In this
scenario, the control columns were modeled as columns 1 to 4 defined in Figure 4.2 of
the bridge model validated in Section 4.2. The model with Column C control columns
(Section 5.2.1) is referred to as Bridge C. The model with Column D control columns
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(Section 5.2.2) is referred to as Bridge D. The bridge models were used as the control to
evaluate the effect of the column retrofit.
5.3.4. Selection of Ground Motion Records. Twenty data sets of GM records
from seven earthquakes were selected according to the target design spectrum determined
with (AASHTO 1995). The GM records selected herein are the same as those selected in
Section 4.3.2 of this dissertation. Each data set included subsets of data in two orthogonal
directions recorded from the same event and record station resulting in 40 total GM
records. The GM records were obtained from the database provided by the Pacific
Earthquake Engineering Research Center (PEER). The records were selected among
those with relatively large magnitudes of 6.5–7.0 and with moderate epicentral distances
of 15–31 km.
According to Bradley et al. (2006), the selected GM records were scaled to a
spectral acceleration of 1.0 g at the fundamental time period of the structure. The set of
earthquakes with relative PGA are reported in Table 4.1 (Section 4.3.3). Figure 4.5 shows
the spectral acceleration for the selected GM records before and after scaling (Section
4.3.3).
5.3.5. Incremental Dynamic Analysis (IDA). Incremental dynamic analysis
(IDA) was conducted to evaluate the response of the two prototype bridge structures with
control columns, as described in Section 4.3. Accordingly, the following procedure was
used to generate the IDA curves of the bridge models: (1) scaling each of the 40 selected
GM records with an increment 0.1 g from zero to a value where numerical nonconvergence of the dynamic analysis on the models occurred; (2) recording the maximum
drift ratio at the top of the columns under the scaled records, while in the case of non-
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convergence the maximum drift ratio was set as infinity; and (3) plotting the relationship
between the intensity measure (Sa (T1, 5%)) and the damage measure (maximum drift
ratio) (He et al. 2016). Each point on each IDA curve is the result of a single dynamic
analysis for the bridge model subjected to a single scaled GM. An average of 15 dynamic
analyses, ranging from 0.1 to 1.5 times the GM scale factor, were performed to obtain a
single IDA curve.
The analysis was conducted using the OpenSees framework, while the output was
processed using the software MATLAB. A desktop computer with 12 logical processors
was used to conduct the IDA of the two bridge models.
The IDA curves of the Bridge C model with Column C control columns (Section
5.2.1) are shown in Figure 5.16. The IDA curves of the Bridge B model with Column D
control columns (Section 5.2.2) are shown in Figure 5.17. Each solid line in Figures 5.16
and 5.17 represents the relationship between Sa (T1, 5%) and the drift ratio demand on
the columns for each GM record. The horizontal portion of each IDA curve represents the
instability or non-convergence of analysis of the bridge model, i.e., at the corresponding
Sa (T1, 5%) the structure may have collapsed. In each figure, the set of IDA curves
(corresponding to the 40 GM records) was summarized into curves corresponding to the
16th, 50th, and 84th percentiles, in which for a given Sa (T1, 5%) the percentile of all
drift ratio demands to the left of the curve was 16%, 50%, and 84%, respectively.

5.4. OPTIMIZATION METHODOLOGY
5.4.1. Overview. The first step of the retrofit-repair optimization methodology is
to use the IDA curves of the RC bridge with un-strengthened (control) columns to
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evaluate the bridge seismic performance, using the procedure explained in Section 5.3.
Then, two performance requirements were set in terms of a drift ratio limit DR(L) and a
spectral acceleration limit Sa(L). Finally, the seismic performance of the RC bridge with
retrofitted columns in different locations is evaluated using IDA with the aim of
determining the lowest number of retrofitted columns needed for which the IDA curves
did not exceed the prescribed limits.
5.4.2. Hazard and Damage States. As discussion in Sections 2.3.2 and 2.5.2, a
descriptive formulation of damage states, where the severity of the damage is associated
with a visible damage condition and mechanism, was proposed by Vosooghi and Saiidi
(2010). The study, based on a comprehensive review of shake test data from 30 RC
bridge columns, identified five damage states corresponding to five apparent levels of
damage. The damage states were defined as follows: DS-1: flexural cracks; DS-2 first
spalling and shear cracks; DS-3: extensive cracks and spalling; DS-4: visible transverse
and longitudinal bars; DS-5: imminent failure.
However, if the seismic event is so strong it results in column failure, where the
contribution of the damaged column to the strength of the bridge structure is null, it is not
possible to identify the damage state using the abovementioned scale. For this reason, the
damage states scale proposed by Vosooghi and Saiidi (2010) was expanded in Section
2.4.2 with a sixth state: DS-6: member failure. In addition, an additional damage state has
been added to classify structural elements that, following a seismic event, exhibit damage
that does not affect the performance: DS-0.
The literature search performed in Section 2 also showed that different repair
methods were successfully implemented in many tests to restore, at least partially, the
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strength, stiffness, and ductility of RC columns up to DS-6. The damage classification is
shown in Table 2.3.
This approach, although useful to use on site to evaluate the damage caused by a
seismic event, is subjected to interpretation and not capable of defining unambiguous
categories. Therefore, it is not suitable to be used in a numerical model.
Dutta and Mander (1999) defined five different damage states to categorize the
severity of damage to an RC bridge element, ranging from almost no damage to collapse,
where each state corresponds to a given drift limit. However, this scale is a function of
the column design since the same drift ratio can cause different damage to a nonseismically designed column compared with a seismically designed column. Table 5.3
shows the damage for non-seismically and seismically designed RC columns.
In the present study a drift ratio limit was chosen corresponding to a damage state
defined as DS-5 in Table 2.1 and defined as S-4 in Table 5.1 by Dutta and Mander
(1999). Therefore, the drift ratio limit was set as DR(L)=0.02 for Column C, and
DR(L)=0.05 for Column D. It should be noted that while both Columns C and D were
non-seismically detailed, a drift ratio limit of 0.05 was selected for Column D since the
starter bars were fully anchored, and the compression buckling of the longitudinal bars
could be prevented by the jacket. The approach herein is considered conservative since
the drift ratio limit values refer to the condition of the un-strengthened column, therefore
neglecting the ductility increase caused by the retrofit. Alternatively, a second and less
conservative approach is to calculate the drift ratio limit using the maximum horizontal
displacement obtained during the cyclic analysis of retrofitted column (e.g., DR(L)=0.05
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and DR(L)=0.06 for Column C and Column D, respectively). The second approach may
be considered more appropriate when all bridge columns of a given bridge are retrofitted.
A spectral acceleration limit Sa(L) was chosen according to the AASHTO-2009
Guide Specification for LRFD Seismic Bridge Design for the city of Rolla, MO (USA),
site class D, corresponding to a 1000-year earthquake return period on a 75-year bridge
lifespan. The values of peak ground acceleration PGA=0.09g, short-period spectral
acceleration 𝑆𝑠 =0.211g, and 1-second spectral acceleration 𝑆1=0.074g were provided by
the USGS for the chosen location (USGS 2021). The city is in proximity of the New
Madrid Seismic Zone. Figure 5.18 shows the design horizontal response spectrum, where
the value of Sa(L)=0.215g was chosen according to the value T1 determined for the
prototype Bridge C and Bridge D with control columns (Section 5.3 and 5.4). Since a
design response spectrum is constructed as a function of the probability that an
earthquake will occur in a certain time range, a different value can be used as Sa(L)
depending on the risk level that can be accepted. Figure 5.19 shows the drift ratio and
spectral acceleration limitation applied in the case of Bridge C and Bridge D.

Table 5.3 Drift Limits According to Dutta and Mander (1999).

Damage States

Non-Seismically Designed

Seismically Designed

Drift Limit

Drift Limit

θ𝑦

θ𝑦

S-1

First Yield

S-2

Cracking, Spalling

0.008

0.01

S-3

Loss of Anchorage

0.010

0.025

S-4

Incipient Pier Collapse

0.020

0.050

S-5

Pier Collapse

0.050

0.075

133

Figure 5.16 Bridge C: IDA Curves of Bridge Model with Column C Control Columns
using 40 GM Records.

Figure 5.17 Bridge D: IDA Curves of Bridge Model with Column D Control Columns
using 40 GM Records.
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Figure 5.18 Horizontal Response Spectrum.

5.4.3. Optimizing the Level of Retrofit and Repair. IDA was conducted to
evaluate the response of the prototype bridge structure with one or more retrofitted
columns. The bridge structure models with different scenarios of retrofitted columns are
referred as models Ret-1, Ret-12, Ret-13, Ret-14, Ret-123, and Ret-1234, where Ret
indicates the model included one or more retrofitted column elements, and the numbers
1,2,3,4 identify the columns that were repaired in the model. Column numbers are
defined in Figure 4.2. The other columns in each model were modeled as original
columns. Results of models Ret-1, Ret-12 (or Ret-13 or Ret-14), Ret-123, and Ret-1234,
which had 1, 2, 3, and 4 repaired columns, respectively, were used to study the influence
of the number of retrofitted columns.
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a

b

Figure 5.19 Spectral Acceleration and Drift Ratio Limitations Applied To: a) Bridge C,
b) Bridge D.
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Results of models Ret-12, Ret-13, and Ret-14, each with two repaired columns,
were used to study the influence of retrofitted column location.
Since replacing control columns with retrofitted columns modifies the bridge
fundamental frequency, the ground motion records were scaled, for each combination,
accordingly.
5.4.3.1. Bridge C. The fundamental frequency of each bridge model is
summarized in Table 5.2.
The analysis was performed using OpenSees framework and the same procedure
explained in Section 4. The analysis results, shown in Figure 5.20, were processed using
the software MATLAB.

Table 5.4 Bridge C: Fundamental Frequency of Bridge Structure Model.
Mode 1 [longitudinal]
Bridge model

Frequency (Hz)

Period (sec)

Original (FHWA 1996)

Orig.

1.202

0.832

Control

Contr.

1.202

0.831

Retrofitted

Ret-1

1.232

0.824

Ret-12

1.260

0.793

Ret-13

1.262

0.792

Ret-14

1.262

0.792

Ret-123

1.290

0.775

Ret-1234

1.317

0.759
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a

b

Figure 5.20 Bridge C: IDA Curves of 40 GM Records: a) Ret-1; b) Ret-12; c) Ret-13; d)
Ret-14; e) Ret-123; f) Ret-1234.
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c

d

Figure 5.20 Bridge C: IDA Curves of 40 GM Records: a) Ret-1; b) Ret-12; c) Ret-13; d)
Ret-14; e) Ret-123; f) Ret-1234 (cont.).
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e

f

Figure 5.20 Bridge C: IDA Curves of 40 GM Records: a) Ret-1; b) Ret-12; c) Ret-13; d)
Ret-14; e) Ret-123; f) Ret-1234 (cont.).
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5.4.3.2. Bridge D. Similar to Bridge C discussed in Section 5.4.3.1, IDA was
conducted to evaluate the response of the prototype bridge structure Bridge D with one or
more retrofitted control columns. The fundamental frequency of each bridge model is
summarized in Table 5.3.
The analysis was performed using OpenSees framework and the same procedure
explained in Section 4. The analysis results, shown in Figure 5.21, were processed using
the software MATLAB.

Table 5.5 Bridge D: Fundamental Frequency of Bridge Structure Model.
Mode 1 [longitudinal]
Bridge model

Frequency (Hz)

Period (sec)

Original (FHWA 1996)

Orig.

1.202

0.832

Control

Contr.

1.202

0.832

Retrofitted

Ret-1

1.236

0.809

Ret-12

1.268

0.788

Ret-13

1.269

0.788

Ret-14

1.269

0.788

Ret-123

1.301

0.768

Ret-1234

1.332

0.768
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a

b

Figure 5.21 Bridge D: IDA Curves of 40 GM Records: a) Ret-1; b) Ret-12; c) Ret-13; d)
Ret-14; e) Ret-123; f) Ret-1234.
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c

d

Figure 5.21 Bridge D: IDA Curves of 40 GM Records: a) Ret-1; b) Ret-12; c) Ret-13; d)
Ret-14; e) Ret-123; f) Ret-1234 (cont.).
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e

f

Figure 5.21 Bridge D: IDA Curves of 40 GM Records: a) Ret-1; b) Ret-12; c) Ret-13; d)
Ret-14; e) Ret-123; f) Ret-1234 (cont.).
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5.5. DISCUSSION
5.5.1. IDA Results. Figures 5.20 and 5.21 show the IDA curves of the six bridge
models with retrofitted columns from Bridge C and Bridge D, respectively. The
performance limits DR(L) and Sa(L) discussed in Section 5.4.2 are indicated on each
graph. The retrofit configuration is considered successful if the corresponding IDA
curves do not pass within the portion of the graph where the drift ratio is larger than the
drift ratio limit (i.e., drift ratio ≥ DR(L)) and the spectral acceleration is smaller than the
spectral acceleration limit (i.e., Sa (T1, 5%) ≤ Sa(L)).
Results presented in Figure 5.20 for Bridge C show that the retrofit method used
for Column C, although capable of significantly improving the bridge seismic
performance, especially in Figure 5.20c, e, and f, was unable to prevent portions of
certain IDA curves within the portion of the graph where the drift ratio is larger than the
drift ratio limit and the spectral acceleration is smaller than the spectral acceleration limit.
Models Ret-13, Ret-123, and Ret-1234, shown in Figures 5.20c, e, and f, respectively had
curves that exceeded drift ratio limit (2%) at spectral accelerations lower than the limit
(0.215g), whereas Models Ret-1, Ret-12, and Ret-14, shown in Figures 5.20a, b, and d
had curves that indicated collapse at values of spectral acceleration lower than the limit.
Since the retrofit method was found to be unsuccessful for all configurations
considered, an alternative retrofit design was explored. In this case, the retrofit of Column
C was increased by adding an additional layer of the GFRP jacket configuration shown in
Figure 5.6. The numerical cyclic behavior of the improved retrofitted column is shown in
Figure 5.22, which shows a 4% strength capacity enhancement due to the additional
jacket layer. Table 5.4 summarizes the bridge fundamental frequency for Bridge C with
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three improved retrofitted columns in positions 1,2,3, named Improved Ret-123. Figure
5.23 presents the corresponding IDA curves of the model Improved Ret-123, which
indicate that the improved retrofit design proved to be capable of avoiding bridge
collapse under the limits proposed in Section 5.6.2. In this way, the retrofit design could
be reverse engineered to meet the performance requirements.
Results presented in Figure 5.21 for Bridge D proved that the retrofit method
implemented to strengthen Column D was capable to avoid collapse of the RC bridge
under the limits proposed in Section 5.6.2. The IDA curves of models Ret-12, Ret-13,
Ret-14, Ret-123, and Ret-1234, with two or more retrofitted columns, were within the
prescribed limits (see Figures 5.21b-f). On the other hand, model Ret-1, with one
retrofitted column, had curves that indicated collapse at values of spectral acceleration
less than the limit (see Figure 5.21a). Accordingly, for Bridge D, two retrofitted columns,
in any locations, were found to be the optimized level of pre-earthquake retrofit in order
to have a reparable bridge after the expected seismic event. A further increase in the
effort of retrofitting, although capable of improving the overall seismic endurance of the
RC bridge, does not affect the bridge capacity of being repaired and likely leads to an
increase of cost, especially if no seismic event effects the structure.
Finally, it should be noted that the proposed approach can be improved in a more
computationally efficient way by simply limiting the border of the IDA analysis to
proposed, or carefully chosen, IM and drift limits. In this way, with the same
computational load, it would be possible to ensure the survival of the structure in a larger
number of situations, involving ground motion records with different frequency content.
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a
b
Figure 5.22 Column C: Numerical and Experimental Cyclic Behavior of a) Improved
Retrofitted Column, and b) Retrofitted Column.

Figure 5.23 Bridge C: IDA Curves of 40 GM Records: Improved Ret-123.
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Table 5.6 Bridge C: Fundamental Frequency of Improved Bridge Structure Model.
Mode 1 [longitudinal]

Improved

Bridge model

Frequency (Hz)

Period (sec)

Ret-123

1.292

0.773

5.5.2. Approach Limitation. The IDA method aims to study the structure
behavior transitioning from the elastic to the post-yield phase. The first mode spectral
acceleration Sa (T1, 5%), gives only an indication of the bridge elastic first mode
response. Therefore, the conceptual framework of IDA analysis loses validity after
reaching the post-yielding phase of the response (Kunnath and Kalkan 2005).
In this work, the earthquake scaling was performed taking into consideration only
the fundamental period, which is only an approximation of the physical domain. The
scaling procedure especially increases those earthquakes that have a weak frequency
content corresponding to the structure fundamental frequency and penalizes seismic
records that show strong frequency content corresponding to the structure fundamental
frequency. An example is provided in Figure 5.24, which shows the pseudo spectral
acceleration corresponding to Earthquake Set 7, Record Number 14 from Table 4.1,
where the range of the fundamental periods of the bridges modeled in the present study
fall within the spectral acceleration local minimum. This seismic record is the one that
led to discard the retrofit configurations analyzed in Figure 5.20d and e for Bridge C and
Figure 5.21a for Bridge D.
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Figure 5.24 Superstition Hills-02 1987 El Centro Imp. Co. Cent Elastic Pseudo Spectral
Acceleration (5% Damping).

5.6. SUMMARY
The IDA method enables a thorough and comprehensive evaluation of the seismic
performance of a structure considering different sources of variability and using ground
motion records with different frequency contents and for different levels of seismic
intensity.
The application of the IDA method is analytically intensive, requiring many
nonlinear analyses, and is currently not commonly used in design practice. However,
advancement in new algorithms and new hardware help reduce the computational time,
making the method more feasible.
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In this study, more than 8000 time-history analyses were performed to assess the
seismic performance of an RC bridge built with two different column designs, with the
purpose of optimizing the level of (pre-earthquake) retrofit and (post-earthquake) repair.
The control and retrofitted numerical models presented in this study were
developed in OpenSees and validated against experimental data. The three-span RC
prototype bridge was also modeled in OpenSees and validated using a design example
reported in the literature. The IDA was conducted on the prototype bridge model that
incorporated the developed column models employing 40 ground motion (GM) records,
which were selected and scaled according to the target design response spectrum.
Results of this work showed the cyclic response of control RC columns can be
reproduced numerically using a classical approach with negligible discrepancy in terms
of initial stiffness, base shear capacity, strength degradation, and stiffness degradation.
Although similar, modeling the response of retrofitted RC columns required a thorough
evaluation of the retrofit design in order to accurately simulate the response.
Regarding the bridge system-level response, although the IDA results showed that
retrofitting the column members increases the bridge seismic performance, the increase is
not always sufficient to ensure that damage suffered by the bridge columns can be
successfully repaired. This point was illustrated by evaluating the response of the threespan RC prototype bridge with control and/or retrofitted columns subjected to the
selected GM records. Considering the performance requirements employed (in terms of
drift ratio and spectral acceleration limits), IDA results of Bridge C with retrofitted
columns showed that the retrofit method was not successful in meeting the performance
requirements, even if all columns of the bridge were retrofitted. Therefore, an approach
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was presented to design a column retrofit that could meet the performance requirements.
In contrast, IDA results of Bridge D showed that a minimum of two retrofitted columns
(of the four columns in the bridge) in any location would be adequate to provide repair to
a bridge after the expected seismic event. This knowledge could be used to optimize the
retrofit and reduce the initial cost.
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6. PREDICTING THE POST-EARTHQUAKE RESPONSE IN AN URBAN
ENVIRONMENT

6.1. INTRODUCTION
Natural disasters can cause massive property damage and thousands of deaths,
especially in heavily populated areas. While each natural hazard has its own features, an
earthquake is known to set off a cascade of events that can range from a gas leak to a fire
to a building or structural collapse. Flooding may also be a result, particularly if the
damaged area is near a sea or a large body of water, and if a tsunami is caused or a dam
or levee fails.
Several major earthquakes have struck this century, including the 2008
earthquake in Wenchuan, China, the 2009 earthquake in L'Aquila, Italy, the 2010
earthquake in Chile, the 2010 earthquake in Haiti, the earthquake-tsunami in Japan in
2011, the 2011 earthquake in Christchurch, New Zealand, and the 2015 earthquake in
Nepal. Because of the magnitude of these recent earthquakes, it is clear that a
comprehensive disaster response and rehabilitation plan is required.
When a major earthquake occurs, disaster management authorities dispatch
resources (e.g., medical and rescue teams, firefighters, ambulances) to the affected area.
Once the responders arrive on the scene, reparative efforts are directed toward evacuating
the population affected and securing the area, thereby preventing further damage and
avoiding secondary disasters that may follow the earthquake. Since resources are limited
and must be deployed urgently, disaster managers need analytical tools that can help
them formulate the best strategy for allocating resources to the affected area. Such tools
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can be useful for training, planning, and preparedness purposes to enhance resilience and
minimize the impact to the surrounding community.
The events that occur after an earthquake range greatly in terms of the amount of
time required to address them. For example, due to differences in the nature of the
incidents, the four major events/incidents that are typical characteristics of an earthquake,
namely gas leakages, fires, building/structural collapses, and flooding (FEMA 2022),
have different response times, i.e., the time it takes responders to conduct the reparative
work described above, due to differences in the nature of the incidents.
A gas leak can frequently be contained in less time than a fire, however the
response to a building collapse will most certainly take longer. Flooding (due to tsunami
waves or riverbank bursts, for example) is the worst case in terms of the danger it causes
to human lives, and it usually takes the longest to respond to. As a result, each of these
four situations must be accounted for in a comprehensive model.
The cascade of the associated events in a major earthquake can be captured in
stochastic models, such as Markov chains, Brownian motion, renewal processes, or
discrete-event-based simulation (Ross 2014). These models can aid in better
understanding the potential for damage and determining the amount of resources required
to bring the situation under control, i.e., to a point where the injured have been
transported to hospitals and the roads necessary for emergency transportation have been
cleared of debris. In the literature, work of this nature is often called restoration, which
can take a few days, while reconstructing all the damaged buildings and structures is
usually called recovery (Lindell et al. 2010), which can take several years. The ability of
stochastic models to accurately predict the restoration time, i.e., the time it takes from
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when the response center is notified until the situation is under control, depends on the
input parameters considered as well as the quality of data available.
Like the Markov chain models, a discrete-event-based simulation model involves
state transitions, however these transitions do not need to satisfy the rigid Markovian
property, providing significantly higher flexibility to the analyst in the process. However,
there is little in the literature on simulation modeling of the dynamics of the events that
occur immediately after an earthquake. Developing a methodology to study the
emergency response using a discrete-event based simulation can help to fill this gap in
the literature by estimating the time needed to restore the area affected by an earthquake
and thereby evaluating the performance of the restoration.
Recent advances in information and communication technologies have enabled
the development of so-called smart and connected cities, or simply smart cities, in which
information from sensors can be gathered and shared on a real-time basis to improve the
quality of services. Smart cities are now a reality (Marr 2015), and a study of the recent
literature indicates that data gathered from sensors placed in strategic areas within smart
cities help make them more livable and sustainable (Batty 2013, Townsend 2013), as well
as reduce risk within the associated population (Kreimer et. al 2003). Daniel and Doran
(2013) proposed the development of computer-based tools for the successful integration
of real-time data from sensors into decision-making protocols for smart cities in order to
enhance the coordination that must occur in between the different decision-makers and
thereby improve quality of life. For example, after an earthquake occurs in a smart city,
gas lines and nuclear reactors could be automatically shut down, and readiness levels of
fire/ambulance services could also be immediately raised. This requires a coordinated
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plan from emergency management personnel and city administration that necessitates
using a broad announcement to the affected population (e.g., via cell phone text messages
and radio announcements) for avoidance of hazardous roadways, as well as re-directing
traffic through safer areas (Ghosh and Gosavi 2017). Sensors for detecting smoke, fire,
and vibrations that are placed strategically in smart cities can ideally provide statistical
data related to the dynamics of events that occur after an earthquake. This smart city data
can then be employed to simulate the events that unfold via a simulation
This section first presents a discrete-event-based simulation (DEBS) model that
estimates the time needed to bring the situation under control (restoration time) for a
given volume of resources under a variety of scenarios that can occur after an earthquake.
The model, originally developed by Gosavi et al. (2020), explicitly takes into account the
time it takes to reach the affected area and the volumes of resources, and it accounts for
all four major earthquake incidents enumerated above (gas leakages, fires, building
collapsing, and floods). In addition, the DEBS model allows for exploring the
relationship between the volume of resources and the expected restoration times, which
can be used to optimize the volume of resources and study the differences that would
result in the response from different emergency management centers. The simulation
nature of the DEBS model makes it possible to be used within a real-time smart city
system in comparison to the computationally unwieldy Markov chain models of the past
which also do not consider the volumes of resources.
Figure 6.1 is a schematic that demonstrates the DEBS model and how it can be
employed in a real-time basis in a smart city setting. The sensors placed in strategic areas
in smart city would feed data into the DEBS model, which could then be used to optimize
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the volume of resources needed and deliver a response and restoration plan that would
enable the emergency management center to dispatch resources in appropriate volumes to
the affected area.

Figure 6.1 Scheme for How the DEBS Model Would Be Utilized by the Emergency
Management Response Center in a Real-Time Basis in a Smart City Setting.

Next, the DEBS model is used to study the sensitivity of the restoration times
after an earthquake to different variables. In particular, a number of built environment
(BUE) variables, e.g., building collapse probability, and natural variables, e.g., flooding
probability, are implemented in the DEBS model. Data collected from the city of St.
Louis, MO, USA are used in conjunction with the DEBS model to identify the
statistically significant variables via an analysis of variance (ANOVA). The experimental
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results show that to reduce the loss of life, the volume of resources and the building
collapse and flooding probabilities are significant factors that should be accounted for in
the emergency-response planning for an earthquake.

6.2. STATE TRANSITION
The four basic incidents that the model will track are: Fire (F), Gas Leakage (G),
Building Collapse (BC), and Flooding (FL) (Gosavi et al. 2020). The so-called state is a
combination of one or more of these incidents. The different states that the system can
visit are defined in Table 6.1. It should be noted that although the basic incidents
considered in this work are the major incidents that are expected during an earthquake
(FEMA 2022), other incidents (such as mudslides) are also possible depending on the
area considered. The DEBS model presented in this work can be modified to incorporate
additional incidents as applicable.
The system initiates in the stable state, where the system is assumed to be fully
functional. When an earthquake occurs, the system evolves immediately in a probabilistic
manner to any of the states numbered from 2 through 8 (see Table 6.1). These states are
herein referred to as the primary states. Then, after the system enters a primary state, the
emergency management response center is contacted, and a decision is made regarding
the volume of resources to dispatch to the affected area. Thereafter, the response center
sends resources to the affected area. The resources arrive at the affected area after an
amount of time called the travel time. By the time the resources arrive at the affected
area, the system either remains in its own state (which is a primary state), or it transitions
to one of the other primary states, or it advances to a worse condition (state). In the
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DEBS model, the worse conditions will be referred to as secondary states and will be
represented by states numbered from 9 through 15 in Table 6.1. The union of the set of
primary states and the set of secondary states is called the risk set. Hence, the risk set is a
finite set consisting of states numbered 2 through 15, and it contains all the states that
pose danger to the population concerned. After the responders arrive, they bring the
situation under control, i.e., the system returns from one of the states in the risk set to the
stable state, after an amount of time called the response time, RT, which depends on the
state in which the responders find the system when they arrive at the scene and on the
volume of resources available.

Table 6.1 Definitions of Each State Modeled in the System. States Numbered 2 Through
8 Are the Primary States, While States Numbered 9 Through 15 Are the Secondary
States.
State (S)
Set of incidents contained in the state (U(S))
1
{S Stable}
2
{G}
3
{F}
4
{G, F}
5
{BC}
6
{G, BC}
7
{F, BC}
8
{G, F, BC}
9
{G, FL}
10
{F, FL}
11
{G, F, FL}
12
{BC, FL}
13
{G, BC, FL}
14
{F, BC, FL}
15
{G, F, BC, FL}
G=Gas Leakage; F=Fire; BC= Building Collapse; FL=Flooding

It is worth noting that each of the states defined can be considered as either
primary or secondary depending on the nature of the incidents contained in it. As an
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example, in Table 6.1, states containing one or more of the three basic incidents, fire, gas
leakage, and building collapse, are considered to be primary states, whereas states
containing the flooding incident are considered to be secondary states. In general, a given
state could be defined as a secondary state instead of a primary state if it results from a
sequence of events (in the case of flooding, for example, a gradual levee failure followed
by the progressively increasing flow of water to the area under study), which requires that
a certain amount of time has elapsed before all the incidents in that secondary state
appear. Determination of whether each state is primary or secondary should be made
considering the characteristics of the area under study. The DEBS model and the
associated states can be easily altered accordingly.
Figure 6.2 depicts the probabilistic transitions between the different types of states
(stable, primary, and secondary) that can occur in the DEBS model as well as the risk set.
It is important to note that, like the Markov chain models, the DEBS model involves state
transitions, however these transitions do not need to satisfy the rigid Markovian property,
providing significantly higher flexibility to the analyst in the process.

6.3. DEBS MODEL
As discussed in Gosavi et al. (2020), the DEBS model is formulated to estimate
the time needed to bring the situation under control under 1) a given set of resources and
2) the knowledge of the travel and response times when the response center is notified.
Figure 3 illustrates the DEBS model in which the different events associated to the
earthquake, e.g., the earthquake shock, arrival of the emergency management personnel,
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etc., are tracked on a computerized timeline utilizing discrete-event simulation modeling
(Law 2014).

Figure 6.2 Depiction of The Different States Visited by The System in The DEBS Model.
Note That the Risk Set Is a Union of The Set of Primary and Secondary States, I.E., {2, 3,
…, 15} In Table 6.1.

Figure 6.3 Computerized Timeline Within the DEBS Model, Where One Cycle Is
Triggered by The Earthquake Shock and Ends When the Situation Is Brought Under
Control (Stable State).
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Figure 6.3 can be explained as follows. The system starts in a stable state. When
the earthquake shock occurs, a decision is made regarding the volume of resources to
dispatch from the response center. The decision-making process takes a finite amount of
time, which is due to the time spent in communication between the different authorities at
the affected site and the response center; in a real-time implementation, this time would
also include the time needed to run the simulation model and obtain the optimized
outputs. Then, a finite amount of time elapses during which the responders travel to the
affected site (corresponding to the travel time). After the responders reach the affected
site, reparative work begins and ends with the restoration of the site to a working
condition (stable state). Thus, this stage corresponds to the response time. The cycle ends
here, and a new earthquake is simulated. The restoration time, which is the sum of the
travel time and the response time, is computed for each earthquake. The DEBS model
seeks to estimate the mean of the restoration time.
The notation used in the DEBS model is described as follows:
1) F: the basic incident of Fire.
2) G: the basic incident of Gas Leakage.
3) BC: the basic incident of Building Collapse.
4) FL: the basic incident of Flooding.
5) Stable state: the state where the system is yet to experience the shock, and also
the state to which the system returns after the restoration is complete.
6) Primary states: states to which the system transitions from the stable state;
primary states considered in the model are numbered 1 through 8 and defined
in Table 6.1.
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7) Secondary states: states to which the system transitions from the primary state
that are worse than primary state; secondary states considered in the model are
numbered 9 through 15 and defined in Table 6.1.
8) Risk set: union of the sets of primary states and secondary states.
9) S: state.
10) U(S): the set of incidents contained in state S.
11) i: index for a primary state in the system.
12) j: index for a state in the risk set in the system.
13) PR(i): probability of transitioning from the stable state to the ith state in the
system; note that PR denotes the vector that contains these probabilities.
14) DP(i, j): probability of transitioning from primary state i to a state in the risk
state j; note that DP denotes the matrix that contains these probabilities, which
are also called domino probabilities.
15) TT(ω(m)): travel time associated to the mth sample earthquake.
16) d: incident, which could be either a fire, gas leakage, building collapse, or
flooding.
17) RT(d): response time for incident d.
18) RTc(S): response time for state S.
19) ReT: restoration time, which is a random variable whose mean value is
computed via the DEBS model.
20) X: volume of resources.
21) Y: travel-time scenario
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The DEBS model can be formally described as follows. The input variables to the
DEBS model are as follows:
1) the probabilities of transitions of states, i.e., the vector PR and the matrix DP.
2) the (statistical) distribution of the travel times, TTs.
3) the response times, RTs, for each incident.
4) the volume of resources, X.
5) the travel time scenario Y.
The output from the DEBS model is the mean value of the restoration time (ReT).
This computation requires Equations (6.1) to (6.3) that are defined below. As a roadmap
for the calculations in the rest of this section, note that the mean value of ReT will be
estimated within the simulator using Equation (6.3), which in turn will require, inside the
simulator, the computation of RT(d) and RTc(S) that are defined in Equation (6.1) and
Equation. (6.2), respectively.
RT(d): For the dth incident, the response time, RT(d), represents the time in hours
needed to bring the situation related to the dth incident under control when that incident
is present in the system. The response time for any state is hence a function of all the
incidents that occur in the affected area, i.e., associated to the current state of the system.
Furthermore, the response time should also be a function of the volume of resources sent
to bring the situation under control. Hence, the following model, inspired by a similar
model by Shabtay and Steiner (2008), was used to determine the response time for the dth
incident:
RT(𝑑) = 𝐴 +

𝐵
𝑋

(6.1)
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where A > 0 is a fixed minimum portion of the response time, and B/X denotes the
variable part of the response time in which X is the level of resources taking values from
a set of positive integers; and B > 0. This model was validated via a personal interview
with a Fire Marshal (Epps 2018). The interview revealed that emergency responders use
multiple layers, called “alarms.” The least volume of resources, corresponding to X = 1, is
allocated to the so-called “first” alarm. The response time associated to the first alarm
would equal the maximum response time, RTmax . When the situation escalates, the
second alarm is placed, and if it escalates further, the third alarm is placed. In this way,
the marshal in charge can request an increasing volume of resources. When an earthquake
occurs, it was learned (Epps 2018) that the maximum possible volume of resources at
disposal would be used to save lives. As the volume of resources X approaches infinity,
the response time reaches the minimum response time, RTmin . This value would be
nonzero since beyond a certain point, increasing the volume of resources does not
improve the response due to redundancy of resources and other factors. For example, the
interview (Epps 2018) revealed that no more than two firetrucks can be useful for one
building in many areas of inner cities, where population density is high, because the
design of the buildings restricts entry to more than two firetruck-water systems.
The maximum and minimum response times can be obtained as follows: RTmax =
𝐴 + 𝐵; and RTmin = 𝐴. Thus, 𝐵 = RTmax − RTmin . In practice, these equations could be
modified to improve the estimates if more data are available. A key aspect to such models
in the literature is that the response time should be a decreasing function of the volume of
resources. This is a property that can easily be verified for the model above by taking the
first derivative of the response time with respect to X, which yields −(𝐵 ⁄𝑋 2 ) that can
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easily be shown to be strictly less than zero. It should also be noted that Monma et al.
(1990) employed the same properties in constructing the function in their study of
government tasks, although the value of A is usually set to 0 in that case. Since the DEBS
model involves tasks related to emergency management, regardless of how large the
volume of available resources is assumed to be, the RT(.) will never equal zero, and so a
positive term A was added to right-hand side of Equation (6.1) above; this was confirmed
via the personal interview (Epps 2018). This implies that there is a finite lower limit on
the response time of each incident and hence naturally on the restoration time as well.
RTc(S): The combined response time associated to a state S is defined as follows:
RT𝑐 (𝑆) =

∑ RT (𝑑)𝜙

(6.2)

𝑑∈𝑈(𝑆)

where 𝜙 denotes a correction factor such that 𝜙 ≥ 1, and U(S) denotes the set of basic
incidents associated to state S. The correction factor accounts for the fact that the
combined response time for a given state may exceed the sum of the individual response
times of each incident contained in the state.
ReT: In the discussion that follows, the expression underlying the DEBS model
used to determine the restoration time is presented. It should be noted that since the state
transitions are probabilistic, each earthquake simulated will also display randomness in
terms of the states it visits. A probability triple (𝛺, ℱ, 𝑃) is considered, where 𝛺 denotes
the universal set of all possible earthquakes, ℱ denotes the sigma field of subsets of 𝛺 ,
and 𝑃 is a probability space on (𝛺, ℱ). Using the DEBS model, random samples ω(1),
ω(2), …, of earthquakes are generated from the measurable space. Then, from the strong
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law of large numbers, with probability 1, the mean restoration time, ReT, can be
estimated as:
𝑘

𝐸[𝑅𝑒𝑇] = lim ∑ [TT(𝜔(𝑚)) + RT𝑐 (𝜔(𝑚))]
𝑘→∞

(6.3)

𝑚=1

where E[.] denotes the expectation operator, k denotes the number of earthquakes
simulated, TT(ω(m)) denotes the travel time in the mth sample earthquake, and RT𝑐 (ω(m)
denotes the response time associated to the state in which the responders find the system
upon arrival in the mth sample earthquake. In practice, to use a formulation such as the
one in Equation (6.3), a large value for the sample size k is needed.

6.4. MODEL SETUP, SCENARIOS, AND EXPERIMENTAL RESULTS
6.4.1. Model Setup. The case study considered for this model is based on data
from the St. Louis, Missouri, U.S. region. This section provides details on the numerical
values of the input variables needed in the DEBS model for the case study. In particular,
the inputs for the DEBS model are the transition probability vector (PR), the travel times
(TTs), the domino probabilities (DPs), and the response times (RT). Estimation of the PR
vector and the DP matrix require consultations with subject matter experts and data
collected from the area under study.
As an example, Figures 6.4 to 6.6 show the nature of data that would need to be
gathered to estimate the travel times in the metropolitan area of St. Louis, Missouri, U.S.,
which is in close proximity (approximately 240 km) to the New Madrid Seismic Zone
(NMSZ). In particular, Figure 6.4 shows the busiest roads linking to the bridges over the
Mississippi River that connect St. Louis to the neighboring state of Illinois. These bridges
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would be critical locations for smart city sensors since a significant amount of traffic
flows through these bridges. Figure 6.5 shows the locations of the local fire departments
in the St. Louis metropolitan area. Finally, Figure 6.6 shows the flood zones in the same
area. Identifying flood zones would be imperative in developing a smart response to a
disaster, which relies on data gathered from strategically placed sensors.
An interesting feature of the area shown in Figures 6.4 to 6.6 is that it is in close
proximity to the NMSZ, certain roads and bridges are critical in terms of traffic flow, and
the areas surrounding these roads and bridges are susceptible to flooding.

Figure 6.4 Map of the Most Congested Roads in inner St. Louis, Missouri, U.S.
Metropolitan Area (Google Maps 2018).
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Figure 6.5 Locations of the Fire Departments in the inner St. Louis, Missouri, U.S.
Metropolitan Area.

Figure 6.6 Map of the St. Louis Metropolitan Area Showing that One of the Areas Most
Susceptible to Flooding is the Area Near the Bridge that Connects St. Louis To
Centreville in Illinois (Topographic-Map.Com 2018).

168
6.4.1.1. Low flooding-probability scenario. The following inputs are from low
flooding-probability conditions, typical of many cities in the U.S., and apply generally to
the case study from the St. Louis region. The following values were used for the PR
vector and the DP matrix.
PR(i) denotes the probability of going from the stable state to the primary state i.
The following values were used for the elements of the PR vector:

1 1 1 4 1 1 1 
PR = 

 4 4 16 16 16 16 16 

(6.4)

The values in Equation (6.4) are representative of a generic scenario in which
each of the three primary incidents, F, G, and BC, occur with a probability of 1/4. For the
probability of states with combinations, a lower probability of 1/16 was used. These
probabilities can be easily changed in the DEBS model based on past experience within
an area and/or on the basis of data provided by subject matter experts.
DP(i, j) in the model denotes the probability of transitioning from primary state i
to a state j in the risk set. In other words, i denotes a state to which the system transitions
when the response center is notified (i.e., a primary state), which indicates that i belongs
to the set, {2, . . ., 8}, and j belongs to the risk set, {2, . . ., 15}. All states are numbered
and defined in Table 6.1.
To construct the DP matrix in this numerical experimentation, a generic scenario
was used in which the probability of remaining in the same state was assumed to be 10%,
i.e., DP(i,i) = 0.1 for all i. The transitions to other states were assumed to follow a pattern
in which the transitions of higher likelihood were assigned higher probabilities. Thus, for
instance, from State 3 (F), the transition probability to State 4 (F and G) and to State 7 (F
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and BC) were assigned equal values of 0.35, but the transition probability to State 8 (F,
G, and BC) was assigned a lower value of 0.1. Also, any transitions to states involving
FL were assigned lower values, since flooding was considered the least likely event. But
as in the case of the PR vector, it should be noted that these values would depend on the
area under study and can easily be changed in the DEBS model. Furthermore, it is very
beneficial for training purposes to have emergency response models where input data can
be changed at will to conduct what-if-analyses (Murray et al. 2010)
In the scenario that follows, all values of DP(.,.) not specified below were set
equal to zero. Also, the sum of the values from any given state should equal 1, i.e.,
∑𝑗 DP(𝑖, 𝑗) = 1 for every i.
1) From State 2: DP(2, 2) = 0.1; DP(2, 4) = 0.9.
2) From State 3: DP(3, 3) = 0.1; DP(3, 4) = 0.35; DP(3, 7) = 0.35; DP(3, 8) = 0.1;
DP(3, 10) = 0.1.
3) From State 4: DP(4, 4) = 0.1; DP(4, 8) = 0.5; DP(4, 11) = 0.2; DP(4, 15) = 0.2.
4) From State 5: DP(5, 5) = 0.1; DP(5, 6) = 0.1; DP(5, 7) = 0.3; DP(5, 8)=0.1;
DP(5, 12) = 0.1; DP(5, 13)=0.1; DP(5, 14) = 0.1; DP(5, 15) = 0.1.
5) From State 6: DP(6, 6) = 0.1; DP(6, 8) = 0.5; DP(6, 14) = 0.2; DP(6, 15) = 0.2.
6) From State 7: DP(7, 7) = 0.1; DP(7, 8) = 0.5; DP(7, 14) = 0.2; DP(7, 15) = 0.2.
7) From State 8: DP(8, 8) = 0.1; DP(8, 15) = 0.9
Based on the personal interview (Stumpf and Collet 2018), it was learned that
each additional incident in a given state can lead to an approximately 10% increase in the
combined response time. Thus, the correction factor was taken as 𝜙 = 1.2 for two
incidents, 𝜙 = 1.3 for three incidents, and 𝜙 = 1.4 for all four incidents in the state.
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The response time, RT, associated with each basic incident is a function of the
level of resources, X, as shown in Table 6.2. For the purpose of the numerical
experimentation in this study, the values shown in Table 6.2 were based on the data by
Ghosh and Gosavi (2017) and validated through a personal interview (Epps 2018).
However, it should be noted that these values can be changed in the DEBS model
considering the area under study.

Table 6.2 Response Times (RT(d)) Associated with Each Basic Incident, d.
Incident Response Time Model (hours) Worst Case Response Time (hours)
G

5
𝑋
15
21 +
𝑋
25
35 +
𝑋
80
120 +
𝑋

12

7+

F
BC
FL

36
60
200

G = Gas Leakage; F = Fire; BC = Building Collapse; FL = Flooding

The response time for each state in Table 6.1 can be calculated by adding the
numbers of hours needed for responding to each incident after the earthquake and then
applying the appropriate correction factor. For example, in State 15, which involves Gas
Leakage (G), Fire (F), Building Collapse (BC), and Flooding (FL), the response time for
X = 2 is (7 + 21 + 35 + 120 +

5+15+25+80
𝑋

)(1.4) = 343.7 h, where 𝜙 = 1.4. In this

way, the response time for each state in Table 6.1 is computed for any level of resources.
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Five levels of resources were used in the experiments performed with the DEBS
model, where X takes values from the set {1, 2, 3, 4, 5}. As a first attempt, was assumed
that the resources deployed are appropriate to address the incidents encountered when the
responders arrive on the scene (i.e., even if the system transitions to a different state),
which may not be the case. In addition, certain states (with certain combinations of
incidents) may require a response that is sequential rather than simultaneous. Future work
could consider these issues to further improve the model capabilities.
The travel time, TT, is a function of the distance from the responding center to the
affected area and also of the traffic and infrastructure situation after the shock. According
to Anastassiadis and Argyroudis (2007), the roadway system is sensitive to direct
damage, such as roadway and bridge failure, and to indirect damage due to debris of
collapsed buildings. As a result, the travel times are likely to be random variables. In this
case, a random travel time, whose distribution function is assumed to be known from past
observations of traffic, was employed. A uniform distribution for the travel time was
assumed, where the lower limit would represent the lowest value, a, under the best traffic
conditions, and the upper limit would represent the highest value, b, under the worst
traffic conditions. The associated uniform distribution is commonly represented as
UNIF(a, b) in the simulation literature (Law 2014). It is worth noting that since the
DEBS model is founded in discrete-event simulation, changing these distributions to
other distributions is a trivial task. This is not the case with the Markov chain models, as
a different distribution can mean a difference in the associated state transitions.
Five different values for the travel time were considered, associated to five
different travel-time scenarios Y, which are shown in Table 6.3. The first scenario,
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corresponding to Y = 1, is the best-case scenario in which the time taken by the
responders to arrive at the affected site is a uniformly distributed random duration
between 1 and 2 h. The remaining four scenarios involve durations of increasing
magnitude, where the scenario in which Y = 5 is the worst-case scenario where the time
duration is uniformly distributed between 12 and 24 h.

Table 6.3 Travel Times, TTs, Associated to Different Travel-Time Scenarios.
Travel-Time Scenario Indicator (Y) Travel Time Distribution (in hours)
1

UNIF(1, 2)

2

UNIF(2, 4)

3

UNIF(4, 8)

4

UNIF(8, 16)

5

UNIF(12, 24)

The best-case scenario corresponds to a situation where the affected site is closest
and is the only one that has to be visited. The worst-case scenario involves a situation
where the response center is far from the affected site and is not the only affected site.
These values were chosen to test whether the model can work robustly under a variety of
travel-time scenarios. These values would need to be chosen depending on the local
conditions, e.g., the nature of the roads available and the nature of the vehicles used.
6.4.1.2. High flooding-probability scenario. In the second scenario, a higher
probability of flooding was considered. For these experiments, the DP matrix was
changed to account for the higher flooding-probability, while none of the other inputs
were changed. In other words, the input vector PR(.) was chosen as described in Equation
(6.4), and the input variable TT was chosen as described in Table 6.3.
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As in the previous scenario, DP(.,.) values not defined below were set equal to
zero. The states numbered 9 through 15 involve flooding (see Table 6.1), and hence here,
the transition probabilities to many of these states were set to higher values than in the
low flooding-probability scenario. These higher probabilities are indicated in bold below.
1) From State 2: DP(2, 2) = 0.1; DP(2, 4) = 0.7; DP(2, 9) = 0.2.
2) From State 3: DP(3, 3) = 0.1; DP(3, 4) = 0.15; DP(3, 7) = 0.15; DP(3, 8) = 0.1;
DP(3, 10) = 0.5.
3) From State 4: DP(4, 4) = 0.1; DP(4, 8) = 0.3; DP(4, 11) = 0.4; DP(4, 15) = 0.2.
4) From State 5: DP(5, 5)=0.1; DP(5, 6) = 0.1; DP(5, 7) = 0.1; DP(5, 8)=0.1;
DP(5, 12)=0.3; DP(5, 13) = 0.1; DP(5, 14) = 0.1; DP(5, 15) = 0.1.
5) From State 6: DP(6, 6) = 0.1; DP(6, 8) = 0.25; DP (6, 13) = 0.25; DP(6, 14) =
0.2; DP(6, 15) = 0.2.
6) From State 7: DP(7, 7) = 0.1; DP(7, 8) = 0.3; DP(7, 14) = 0.4; DP(7, 15) = 0.2.
7) From State 8: DP(8, 8) = 0.1; DP(8, 15) = 0.9.
6.4.2. Experimental Results. A computer program was written in the software
program MATLAB to generate a discrete-event simulator of the system. The software
was run on a personal computer with an Intel Pentium Processor with a speed of 2.66
GHz on a 64-bit operating system. The program took approximately 25 s to run. Ten
replications were used to estimate the restoration time. Each replication was run for 1 000
000 h of simulated time with an overall average of 4400 earthquakes in each replication.
Equation (6.5) shows the standard approach used for computing statistical confidence
intervals from the means

x̅ ± t α , n-1
2

s
√n

(6.5)
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where x̅ denotes the sample mean of the restoration time (ReT), s denotes the standard
deviation of the samples, and n denotes the sample size, which equals the number of
replications; for experiments performed in this study, n=10 was used. In Equation (6.5),
the component following ± denotes the half-width. As is standard, α was assumed to
equal 0.05 (i.e., a 95% confidence level was used) (Law 2014).
6.4.2.1. Low flooding-probability scenario. The results of the experimentation
for the low flooding-probability conditions, typical of the St. Louis region, are presented
in Table 6.4.

Table 6.4 Results from Low Flooding-Probability: Mean Restoration Times Along with
the Half-Width Obtained at 95% Confidence Level.
Restoration Times (in hours) for Different Levels of Resources and Travel Time
Scenarios
Y
1

2

3

4

5

X=1

X=2

X=3

X=4

X=5

361.238 ±

288.283 ±

263.859 ±

251.693 ±

244.373 ±

1.56

0.91

0.89

0.86

0.87

362.666 ±

289.836 ±

265.383 ±

253.213 ±

245.905 ±

1.53

0.91

0.87

0.87

0.86

365.681 ±

292.831 ±

268.370 ±

256.157 ±

248.830 ±

1.56

0.91

0.87

0.87

0.86

371.574 ±

298.881 ±

274.437 ±

262.182 ±

254.850 ±

1.60

0.96

0.92

0.88

0.85

377.504 ±

304.944 ±

280.419 ±

268.197 ±

260.879 ±

1.63

0.97

0.93

0.82

0.85

̅̅̅̅̅ ± ℎ, where 𝑅𝑒𝑇
̅̅̅̅̅ denotes the sample mean of ReT, and h denotes the
Note: The values in the table should be read as follows: 𝑅𝑒𝑇
half-width of the confidence interval on the mean
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The results show that for a given volume of resources, X, the restoration time
increases as the travel time between the response center and the affected site increases
(i.e., increasing value of Y). Similarly, for a given value of the travel-time function, Y, the
restoration time decreases as the volume of resources, X, increases. Figures 6.7 and 6.8
are constructed to show this relationship in a graphical format.
Figure 6.7 clearly shows a nonlinear relationship between the level of resources
and the restoration time. Furthermore, it shows that selecting the appropriate level of
resources is a nontrivial task that would require simulation-based analysis of the nature
performed here.
Figure 6.8 shows a less nonlinear relationship between travel time and the
resulting restoration time. The figure also suggests that selection of the appropriate
response agency when multiple agencies are available would require careful study of the
associated restoration times.
While the overall trends in restoration time with volume of resources and travel
time are intuitive, the graphs clearly demonstrate a nonlinear relationship that cannot be
predicted quantitatively without a simulation model of the nature proposed here. Hence,
the proposed DEBS model would be useful for performing what-if analyses for training
purposes that can go a long way in improving the quality of preparedness efforts of
emergency managers (Murray et al. 2010).
Figure 6.9 shows a three-dimensional plot of the relationship between X, Y, and
the restoration time. Figure 6.9 indicates that the two parameters, X and Y, produce a
nonlinear/nonplanar surface for the restoration time. This result is reasonable, given that
each of the two parameters has a nonlinear relationship with the restoration time. The
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interplay of these parameters and the nonlinear/nonplanar nature of the resulting surface
graph again support the need for a simulation model of the nature proposed here to
provide quantitative predictions for the restoration time. This relationship between X, Y,
and the restoration time is particularly important in determining which response center(s)
to select. For example, a certain response center could arrive more quickly but with lower
volumes of resources, whereas a different response center could have a longer arrival
time but with a larger volume of resources. In this case, the results could be used to
determine which response center would minimize the restoration time.

Figure 6.7 Low Flooding-Probability: Restoration Time Versus Level (Volume) of
Resources (X) for a Given Travel Time Scenario (Y).
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Figure 6.8 Low Flooding-Probability: Restoration Time Versus Travel Time of the
Affected Site from the Response Center (Y) for a Given Volume of Resources (X).

Figure 6.9 Low Flooding-Probability: Relationship Between the Restoration Time and
the Independent Variables X And Y.
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6.4.2.2. High flooding-probability scenario. The results obtained from the high
flooding-probability scenario are presented in Table 6.5. Figures 6.10 and 6.11 are
constructed to show this relationship in a graphical format. Figure 6.12 shows a threedimensional plot of the relationship between X, Y, and the restoration time.

Table 6.5 Results from High Flooding-Probability: Mean Restoration Times Along with
the Half-Width Obtained at 95% Confidence Level.
Restoration Times (in hours) for Different Levels of Resources and Travel Time
Scenarios
Y
1

2

3

4

5

X=1

X=2

X=3

X=4

X=5

374.682 ±

299.013 ±

273.625 ±

260.976 ±

253.413 ±

2.02

1.23

1.10

1.05

0.99

376.119 ±

300.533 ±

275.136 ±

262.482 ±

254.855 ±

2.03

1.24

1.08

1.02

0.99

379.107 ±

303.585 ±

278.091 ±

265.511 ±

257.873 ±

1.94

1.27

1.05

0.99

1.02

384.107 ±

309.590 ±

284.142 ±

271.486 ±

263.916 ±

1.98

1.33

1.06

0.99

0.96

390.829 ±

315.600 ±

290.148 ±

277.483 ±

269.898 ±

1.84

1.28

1.01

1.02

0.95

̅̅̅̅̅ ± ℎ, where 𝑅𝑒𝑇
̅̅̅̅̅ denotes the sample mean of ReT, and h denotes the
Note: The values in the table should be read as follows: 𝑅𝑒𝑇
half-width of the confidence interval on the mean

These results show that the restoration time increases in a statistically significant
manner due to the higher flooding probability. In the worst case, where the resource
volumes are the lowest, X = 1, and the travel times are the longest, Y = 5, the mean
restoration time increases by 13.325 h relative to the low flooding-probability scenario.
These experiments also demonstrate the flexibility of the DEBS model, as well as its
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usefulness for training purposes, in predicting the restoration times under scenarios where
the inputs are different due to different local conditions.
6.4.2.3. Discussion. The numerical results presented in this study demonstrated
the importance of the interplay of the two input parameters: the level of resources and the
travel time. A precise evaluation of this interplay is likely to be critical for future studies
and applications, especially in the emerging domain of smart cities, where mass
communication strategies and GPS systems are expected to work in tandem with disastermanagement strategies. A correct estimation of the level of resources and travel time can
only be made by considering the environmental variables in which the DEBS model
needs to operate.

Figure 6.10 High Flooding-Probability: Restoration Time Versus Level (Volume) of
Resources (X) For A Given Travel Time Scenario (Y).
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Figure 6.11 High Flooding-Probability: Restoration Time Versus Travel Time of the
Affected Site from the Response Center (Y) for a Given Volume of Resources (X).

Figure 6.12 High Flooding-Probability: Relationship Between the Restoration Time and
the Independent Variables X and Y.
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6.5. STUDY OF BUILT ENVIRONMENT AND NATURAL VARIABLES
This section demonstrates how the DEBS model can be used to study the
sensitivity of restoration times after an earthquake to different BUE and natural variables.
The model results presented in Section 6.5 showed how the restoration time depends on
BUE variables related to the vulnerabilities of the existing infrastructure in the region and
the coordination and makeup of the logistical support systems, as well as natural
variables, such as the probability of flooding in the region. Minimizing the restoration
time can help reduce the loss of human life, and hence, identifying those variables is
imperative in modern smart cities.
A significant advantage to employing a high-fidelity simulation model (i.e., the
DEBS model) is that it can be used offline to identify the critical BUE and natural
variables and develop a deeper understanding of their impact on restoration times. This
knowledge can help emergency managers make important strategic decisions in planning,
preparing, and training for an emergency, such as an earthquake, and belongs to a class of
models that perform probabilistic risk assessment (Van Coile et al. 2019, Korswagen et
al. 2019). Other means to develop such an understanding include gathering historical data
from actual emergencies (Zahran et al. 2008). Unfortunately, the availability of historical
data from existing earthquakes is often limited, and furthermore, earthquake impact is
highly dependent on variables, such as the site of occurrence, population density, and
existing infrastructure, making extrapolation to other regions questionable. Hence, using
a high-fidelity simulator that accounts for the regional variables discussed earlier can be
very helpful in strategic analysis. Planning and preparedness efforts are critical for
managing any hazardous event (Poser and Dransch 2010), especially when the event is of
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a low probability but a high consequence or impact (Waller 2013) and human life is
involved. Five-hundred-year floods and pandemics, e.g., COVID-19, are some examples
of low probability high-consequence events. An earthquake in an area such as St. Louis is
also a low-probability high consequence event and, as such, requires analyses from
numerous angles, including an evaluation of the region’s critical infrastructure and the
logistical systems that provide emergency management.
6.5.1. BUE and Natural Variables for St. Louis. The metropolitan area of St.
Louis is in proximity (approximately 240 km) to the NMSZ. From 1811 to 1812, the zone
was affected by three large earthquakes, each of which had an estimated magnitude
between 7.0 and 7.5 and was followed by at least four aftershocks with an estimated
magnitude of 6.0 or larger (USGS 2020). Damage to man-made structures was very
limited due to the sparse population in the epicentral area at that time; however, a large
area of land sank and was covered and flooded with water that erupted through fissures
(USGS 2020). More recently, an earthquake of magnitude 5.4 was recorded in 1968.
Considering the much denser population of the metropolitan area of St. Louis today,
proximity to the NMSZ generates high-risk conditions in which a high-fatality rate is
possible not only due to building collapse but also due to lack of access from the
surrounding area. This is especially critical since the roads and bridges in the region are
vital for connectivity to the surrounding area. Often referred to as “The Gateway to the
West,” St. Louis is connected to the nation through multiple interstate highways and
railways. The eastern border of the city is adjacent to the Mississippi River, and the
bridges that connect St. Louis with East St. Louis, IL, are in an area susceptible to
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flooding and soil liquefaction, creating a potentially disastrous situation. Figure 6.13
shows a map of the St. Louis region that shows the areas susceptible to flooding.

b
a
Figure 6.13 Maps of St. Louis. a) Elevation Map of inner St. Louis Showing the Areas
More Susceptible to Flooding (Floodmap.Net 2020). b) Liquefaction Susceptibility of
The St. Louis Metropolitan Area (East-West Gateway Council of Governments 2020).

In this study, the DEBS model takes into account the effect of one natural input
variable (flooding probability) and the following four BUE input variables: 1) traffic
conditions, 2) bridge condition, 3) building age, and 4) fire department location. Traffic
conditions, along with the distance between the dispatch point and the affected area, have
a large impact on the travel time. Traffic congestion is usually relatively high twice each
weekday during the hours when most people commute to and from work. This
phenomenon, i.e., the “rush hour,” can considerably increase travel time on the streets of
St. Louis. Figure 6.14 shows the predicted travel time during the rush hour on the roads
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that connect the Fire Department Engine House No. 2 to 1654 Tower Grove Avenue
(Google Maps 2020). For the three proposed routes, the predicted travel time varies
twofold.

Figure 6.14 Prediction of Travel Time in St. Louis During Rush Hour (Tuesday at 4:30
P.M.) From Fire Department Engine House No. 2, 314 S Tucker Blvd., MO, To 1654
Tower Grove Ave, St. Louis, MO (Google Maps 2020).

The literature studies the impact of earthquakes on structures, including bridges,
buildings, and dams (see, e.g., Malek 2018, Joyner and Sasani 2020, Zhao et al. 2019,
Waqas et al. 2019). Bridges that do not meet current seismic design requirements can
behave in unpredictable ways during an earthquake. The Missouri Department of
Transportation (MoDOT) rates the condition of bridge structures using a scale ranging
from Level 9 (Excellent) to Level 0 (Failed). Bridges considered to be structurally
deficient are classified at Level 4 (Poor) or lower (MoDOT 2020). Herein, the term poor
implies a condition requiring replacement or major rehabilitation. Bridges in this
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condition can create inconvenience and a dangerous situation for travelers on the
overpass and the underpass, leading to a slowdown or completely blocked traffic.
According to MoDOT, the city of St. Louis has several bridges rated as poor, and the
majorities are located on interstates (MoDOT 2020), as shown in Figure 6.15. The
possible closure of these bridges due to a seismic event may cause the interruption of
important routes, leading to an increase in traffic congestion on secondary streets, and the
isolation of the city from the surrounding region.

Figure 6.15 Map of “Poor” Bridges in the St. Louis From MoDOT (2020).

The third BUE variable analyzed is the age of the buildings. Building age can
provide qualitative information about the capacity to withstand a seismic event. Seismic
design criteria have evolved over time, and many older and historic buildings were either

186
not designed for seismic loading or were designed using provisions that are inadequate
based on current design standards. Therefore, the older the building, the higher the
likelihood of damage from an earthquake. Moreover, debris from damaged buildings
could occupy the roadways creating obstacles for motorists and emergency vehicles,
thereby increasing the travel time. Figure 6.16 shows the year of construction of the
buildings in St. Louis.

Figure 6.16 Median Year Built for Buildings in the inner St. Louis, Missouri, U.S.
Metropolitan Area (Preservation Leadership Fortum 2020).

The fourth BUE variable is the location of nearby fire departments. Fire
departments are the local response centers and are generally the first to be involved in
case of emergencies. Optimal location of these response centers minimizes the travel time
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allowing fast responses across the city. Figure 6.5 shows the location of the 30 fire
departments located in inner St. Louis. However, not all the response centers have the
same number of vehicles and rescue squads. Some of them have three fire trucks
(Mydowntownstl.com 2020), whereas the majority of the other fire departments have
only one fire truck.
6.5.2. Experimental Setup. This study uses an ANOVA to determine key factors
that have a significant impact on the restoration time. The setup for the ANOVA uses
data collected from inner St. Louis, MO, USA. The ANOVA employs three factors:
volume of resources, building collapse, and flooding. Since the city has a high percentage
of older buildings and structures designed without consideration for seismic loading (i.e.,
buildings built before 1970) and it is difficult to predict their behavior during a seismic
event, two levels were considered for building collapse: low damage level and high
damage level. The impact of building collapse directly influences the restoration time and
also the travel time, since the resulting debris is likely to slow down traffic. Furthermore,
damage to streets and bridges can also lead to a modification of the travel paths needed,
leading to increased travel time. The building collapse probability (BCP) for the two
levels is shown in Table 6.6. For the flooding, two levels, low flooding level and high
flooding level, were considered that are shown in Table 6.7

Table 6.6 Building Collapse Probability (BCP).
Scenario

BCP

Low Damage Level

7/16

High Damage Level

11/16
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Table 6.7 Flooding Probability (FLP).
Scenario

Low Damage Level High Damage Level

Low Flooding Level

0.25625

0.37500

High Flooding Level

0.49688

0.58125

Three different levels of resources corresponding to three different and real
response centers are used in the ANOVA. The level of resources X = 1 is assigned to Fire
Department No. 35, which has one truck company, whereas a level X = 2 is assigned to
one of the largest response centers in town, Fire Department No. 2, which has three truck
companies (Mydowntownstl.com 2020). Finally, level X = 3 is used to model the
resources from a federal agency, such as the Civil Protection or the National Guard.
The emergency site considered is located at 1654 Tower Grove Ave, St. Louis,
MO, USA, for the case study. The choice of the emergency location makes it serviceable
from both Fire Departments No. 2 and No. 35. Moreover, it is located in a district where
the median year of building construction is 1920 and is in close proximity of major roads
with a large number of bridges in poor condition. Figure 6.17 shows the configuration of
the system used for data collection.
The travel time TT is a function of the distance between the response center and
the emergency site, as well as the conditions of traffic and infrastructure after an
earthquake event. In particular, the condition of the infrastructure is a direct function of
the damage suffered by roadways and bridges and an indirect function of the damage due
to debris of collapsed structures (Anastassiadis and Argyroudis 2020). Travel times
needed to reach the emergency location from Fire Departments No. 2 and No. 35 were
determined using Google maps, which provides estimates for both low and heavy traffic
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conditions. In this study, a triangular distribution, denoted by TRIA(a,b,c), was assumed
for TT, where the minimum value a represents the travel time under the lowest traffic
conditions, and the maximum value b represents the travel time under the heaviest traffic
conditions. Since St. Louis is not usually affected by congestion (Geotab 2020), the mode
c was set to a value lower than (a+b)/2. For the resources supplied by a federal agency, a
uniform distribution, denoted by UNIF(a,b), was assumed for the travel time, where a
and b are as defined before. The reason for choosing the uniform distribution for the
federal resources is that this is likely to occur in lower variability conditions, as federal
resources are typically requested after traffic has stabilized.

Figure 6.17 Location of the Fire Departments and the Emergency Location in the inner
St. Louis, Missouri, U.S.
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For Fire Department No. 35, the travel time in the high damage level scenario was
considered to be twice that of the low damage level scenario. It was not possible to
extend the same approach to the Fire Department No. 2 for the reason that the bridges in
poor condition on I-44 and I-64 will force a change of itinerary, thus increasing the
minimum value of travel time. Figure 6.18 shows the increased travel time due to the
change of itinerary for the same points of interest shown in Figure 6.14. Based on the
configuration available from the map, the travel time in the case of high damage level
scenario was set to approximately 1.33 times the travel time used for the low damage
level scenario.
Six different values of travel time were considered, associated to three different
locations of resources, and to two damage scenarios, which are shown in Table 6.8.

Table 6.8 Travel Time Distribution (in Hours).
Location of Resources Low Damage Scenario High Damage Scenario
Fire Dept. No. 35
Fire Dept. No. 2
Civil Protection

6 7 10
𝑇𝑅𝐼𝐴 ( , , )
60 60 60
6 10 16
𝑇𝑅𝐼𝐴 ( , , )
60 60 60
𝑈𝑁𝐼𝐹(12, 24)

12 14 20
, , )
60 60 60
18 20 32
𝑇𝑅𝐼𝐴 ( , , )
60 60 60
𝑇𝑅𝐼𝐴 (

𝑈𝑁𝐼𝐹(16, 32)

6.5.3. Experimental Results. 3-way ANOVA was used for statistical analysis
(Montgomery 2017). The three factors (independent variables) considered are the volume
of resources, the building collapse probability, and the flooding probability. The volume
of resources and the building collapse probability are impacted by the BUE variables
named earlier while the flooding probability is a natural variable. The volume of
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resources X has three levels (X = 1 for Fire Department No. 35, X = 2 for Fire Department
No. 2, and X = 3 for Federal).

Figure 6.18 Prediction of Travel Time in St. Louis From Fire Department Engine House
No. 2, 314 S Tucker Blvd., MO, to 1654 Tower Grove Ave, St. Louis, MO, Using an
Itinerary that Avoids I44 and I64 (Google Maps 2020).

The ANOVA and the DEBS programs were coded in MATLAB. The computer
program was run on a workstation with an Intel Xenon processor with a speed of 3.6 GHz
on a 64-b operating system. The program took approximately 5 min for each performance
evaluation via DEBS, whereas the ANOVA took less than 1 s. Each element of Table 6.9
is the mean of ten replications used to estimate the restoration time. Each replication was
run for 1 000 000 h of simulated time with an overall average of 4400 earthquakes in
each replication. The results of the ANOVA are summarized in Table 6.10.
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Table 6.9 Mean Restoration Times.
X=1
Y=1

X=2
Y=2

328.016 328.163

Y=3

X=3
Y=4

261.41

Y =5

Y =6

261.751 256.977 263.014 Low BCP

Low FLP
352.100 352.252 280.633 281.006 274.591 280.607 High BCP
337.220 337.359 268.805 269.141 263.839 269.782 Low BCP
High FLP
360.211 360.361 287.014 287.349 280.455 286.426 High BCP

Table 6.10 ANOVA Results.
Factor

SSE

dof

MSE

F-value

p-value

X

27035.5036

2

13517.7518

2250.1962

3.54E-16

FLP

318.5876

1

318.5876

53.0328

9.71E-06

BCP

2350.8146

1

2350.8146

391.322

1.59E-10

X*FLP

5.917

2

2.9585

0.49248

0.62294

X*BCP

44.7137

2

22.3569

3.7216

0.05527

FL*BCP

1.5955

1

1.5955

0.26559

0.61567

X*FLP*BCP

0.0033936

2

0.0016968

0.00028245

0.99972

Error

72.0884

12

6.0074

Total

29829.2239
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The low p-values of the three factors indicate that each factor is statistically
significant in impacting the restoration times. The same cannot be said for the two-factor
or the three-factor interactions. The managerial and supply chain implications of these
results for the city of St. Louis are as follows:
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1) Implications for Capacity of Resources: Care must be taken to have ample
resources in the St. Louis region ready for emergency response, as this is an
area where an earthquake is likely; this would be true of any area where an
earthquake is likely.
2) Implications for Buildings: St. Louis has numerous older buildings constructed
without modern seismic design considerations that would not be able to
withstand seismic loading; they need to be either retrofitted or demolished to
avoid a possible catastrophe. This is probably the most crucial preventive
intervention that needs to be performed in St. Louis.
3) Flooding Implications: Since the ANOVA shows the flooding probability to be
a significant factor, efforts should be made to reduce this threat as well, e.g.,
via effective flooding mitigation strategies.
4) Implications for Supply Chains: The findings indicate that an earthquake
should occur in this area, critical traffic flowing through the affected roads will
be severely disrupted, as St. Louis remains a key connecting point from the
eastern to the western part of the country. Another important implication here
is that in order to enable the response and restore traffic, it is imperative that
key ingress and egress routes into and from the affected area be identified. This
will ensure that disruptions of supply chains of goods and emergency supplies
flowing through St. Louis will be quickly mitigated.
This study discovered that because of many seismically deficient buildings,
congested roads, a moderate likelihood of flooding, and a high likelihood of an
earthquake disaster, St. Louis emergency managers need to undertake carefully
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considered steps to improve local logistical support systems and reinforce the
infrastructure of the region. It appears that many key roads will become severely
congested, and many buildings could collapse leading to a calamitous situation. While the
population density was much lower the last time a major earthquake struck St. Louis, if
no changes are made, the outcome is likely to be very different the next time with
potentially a large loss of life.

6.6. SUMMARY
Reaching a superior coordination of the activities that involve the restoration
needed immediately after an earthquake is a key area of research in emergency
management. However, there is little in the literature on simulation modeling of the
dynamics of the events that occur immediately after a critical disaster such as an
earthquake. This study sought to fill this gap in the literature by developing a simulation
model capable of estimating the time needed to restore the area affected by an earthquake
and thereby evaluate the performance of the restoration. Furthermore, while smart and
connected cities are increasingly attracting attention in the U.S., not only from city
planners but also from an academic perspective, the literature on developing a smart
response to a disaster is sparse. The DEBS model, which can be tied to communication
technologies employed within smart city architectures, helps pave the way for future
integration of these two fields, which is increasingly being envisaged in a nationwide
attempt to make cities smarter (Irwin 2018).
Moreover, this study developed a methodology to demonstrate how sensitive
restoration times after an earthquake can be to BUE and natural variables. The
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methodology developed here can be applied to other regions after suitable data are
gathered. For the specific data gathered for St. Louis, the strategic recommendation is
that disaster managers should take necessary steps to ensure that an ample volume of
emergency-response resources is available at all times and the probabilities of building
collapse and flooding are reduced. The large number of older buildings constructed
without modern seismic design considerations and lack of access to the downtown area of
St. Louis during an emergency indicate that a high magnitude earthquake in this region
could have a significant death toll.
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7. CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORKS

7.1. CONCLUSIONS
In this study, numerical simulations were employed with the overall goal of
selecting and evaluating appropriate methods to retrofit and repair earthquake-damaged
bridge columns, gaining a better understanding of the impact of local intervention on the
seismic behavior of RC bridges and on the community resilience. Based on the analysis
results, the following conclusions are made:
1. The literature review, conducted to assess the performance of different repair
techniques applied to earthquake-damaged RC bridge columns, made it
possible to identify the appropriate repair methods for different combinations
of extent and type of damage, evaluating the improvements in terms of
strength, stiffness, and ductility.
2. The numerical model developed using OpenSees framework was able to predict
the cyclic response of the repaired RC bridge columns selected for this study.
The model results were compared with the experimental results from the
literature. Results of the numerical cyclic behavior were in good agreement
with the experimental cyclic behavior in terms of initial stiffness, maximum
base shear, strength degradation, and stiffness degradation. The model was
shown to be capable of predicting the cyclic response of RC bridge columns
with different damage and repair techniques.
3. IDA was conducted to evaluate the seismic behavior of a bridge with one or
more columns repaired with different techniques. The established methodology
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has been capable to relate the repaired member cyclic characteristic to the postrepair seismic performance of a bridge structure. The change in the member
stiffness due to repair design seems to play a key role.
4. The developed framework was able to optimize the level of (pre-earthquake)
retrofit of RC bridge columns that can be rapidly repaired in the event of an
earthquake. Numerical simulation was used to evaluate the response of a
prototype bridge with different configurations of retrofitted columns, validated
against experimental tests, to balance the combined levels of (pre-earthquake)
retrofit and (post-earthquake) rapid repair in order to maintain service to a
bridge shortly after an earthquake occurs and to reduce initial cost and
uncertainties. IDA results showed that retrofitting the column members
generally increases the bridge seismic performance. However, the increase is
not always sufficient to ensure that damage suffered by the bridge columns can
be successfully repaired.
5. In total, more than 15000 time-history analyses were performed to assess the
seismic performance of an RC bridge with repaired and retrofitted columns.
The increasing computer computational capabilities help make IDA mature to
become common practice.
6. The DEBS model, developed to estimate the restoration time for a given
volume of resources under a variety of scenarios after an earthquake occurs,
was proven in the case-study community of St. Louis. The model was used to
study the sensitivity of the restoration times to different variables and to
establish the impact of structural retrofit and repair on the emergency
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management of a community struck by an earthquake. The large number of
older structure and infrastructure in the city of St. Louis, constructed without
modern seismic design considerations, need to be either retrofitted or
demolished to avoid both unsustainable damage and road congestion in the
likely event that an earthquake occurs.

7.2. RECOMMENDATION FOR FUTURE WORK
The objective of this study was to evaluate the impact of RC bridge column
seismic repair on the member level, system level, and community level responses. Based
on the results the literature review and of the modeling work, several fields related to this
study are in need of further research.
The considerations made using the findings on the literature review on repaired
RC bridge columns, summarized in Table 2.4, relate the most appropriate repair method
for each type and level of damage. The approach should be extended taking into
consideration the impact of environmental variables, such the presence of a stream or the
direct exposure to atmospheric agents, and exposure conditions.
As mentioned earlier in this dissertation, the repaired column cyclic models were
in good agreement with the hysteretic response measured from the corresponding
experimental test available in literature. Although the RC bridge columns were modeled
using the same approach, the calibration of each column model requires detailed
information on the RC column design and on the performance of the retrofit/repair
method utilized. Therefore, a larger number of retrofitted and repaired RC bridge
columns with different geometry should be used to further validate this approach.
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A larger variety of repair design needs to be analyzed in order to confirm the
findings of this study about the influence of the repair methods on the response of the
entire bridge structure. Moreover, a different and more complex bridge layout needs to be
investigated to confirm that the repaired bridge is not sensitive to the location of repaired
columns.
In the IDA analysis, the intensity of the earthquake is typically expressed in terms
of first mode spectral acceleration which is, however, only an indication of the elastic
first mode response. Since the IDA is supposed to study the mostly the structure inelastic
and non-linear behavior, further investigation should be done to go beyond the fist-mode
spectral acceleration, especially for those structures with relatively low effective mass
participation in the first modal mode. Particular attention should be given to the selection
of the ground motions, and exploring the effect of near-fault records, which can expose
the structure to higher input energy at the beginning of the earthquake.
RC bridges are typically designed to withstand single severe ground motions.
However, a large earthquake can be preceded or followed by foreshocks and aftershocks,
causing accumulated damage to the structure. Back-to-back dynamic analyses, in which a
sequence of mainshock and aftershock ground motions separated by a small zero
acceleration period are used as a scaled earthquake, can be used to further study the
dynamic performance of repair and retrofit methods.
A further line of investigation to increase the reliability of IDA results is
represented by the so called Multicomponent Incremental Dynamic Analysis (MIDA),
where the variable incident angle between the bridge structure and a two-component
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seismic excitation is investigated through a parametric study. However, MIDA inevitably
leads to an increase computational demand.
The retrofit-repair optimization methodology, as was first described in this thesis,
is at the embryonic stage and has large margins for improvement. In addition to the
considerations already mentioned about the IDA, the selection and normalization process
of the used accelerograms should be updated with the most recent findings about generate
synthetic ground motion records. The retrofit-repair optimization methodology offers
room for improvement also form a computational point of view: setting well-defined IM
and drift limit states before the start of the IDA analysis makes it unnecessary to continue
the numerical analysis beyond these limits.
The efforts to improve the DEBS model needs directed to the calibration of the
transition probability, the domino probability and to precisely define the level of
resources X. The ideal condition for the calibration would be represented by real-time
data collection during an earthquake-caused emergency situation.

201
BIBLIOGRAPHY

AASHTO (1995). “Standard Specifications for Highway Bridges, 15th ed”. American
Association of Highway Transportation Officials, Washington, D.C.
AASHTO, 2009, Guide Specifications for LRFD Seismic Bridge Design. Washington,
DC: American Association of State Highway and Transportation Officials
American Concrete Institute – Committee 440 (2017). Guide for the Design and
Construction of Externally Bonded FRP Systems for Strengthening Concrete
Structures, ACI 440.2R-17, ACI, Farmington Hills, MI.
American Concrete Institute – Committee 549 (2013). Guide for the Design and
Construction of Externally Bonded Fabric Reinforced Cementitious Matrix
(FRCM) Systems for Repair and Strengthening Concrete and masonry Structures,
ACI 549.4R-13, ACI, Farmington Hills, MI.
Amirsardari, A., Rajeev, P., Goldsworthy, H. M., & Lumantarna, E. (2016). Modelling
non-ductile reinforced concrete columns. In Proceedings of the 2016 Australian
Earthquake Engineering Society Conference, Melbourne, VIC.
Anastassiadis, A. J., & Argyroudis, S. A. (2007). Seismic vulnerability analysis in urban
systems and road networks. Application to the city of Thessaloniki, Greece.
International Journal of Sustainable Development and Planning, 2(3), 287-301.
Applied Technology Council. (1996). “Improved seismic design criteria for bridges:
provisional recommendations.” ATC-32, Redwood City, CA.
Applied Technology Council. (1997). “Seismic design criteria for bridges and other
highway structures: Current and future.” ATC-18, Redwood City, CA.
Baker, J. W. (2015). Efficient Analytical Fragility Function Fitting Using Dynamic
Structural Analysis. Earthquake Spectra, 31(1), 579-599.
Batty, M. (2013). Big data, smart cities and city planning. Dialogues in human
geography, 3(3), 274-279.
Belarbi A., Prakash S. S., and Silva P. F. (2010). “Incorporation of decoupled damage
index models in performance-based evaluation of RC circular and square bridge
columns under combined loadings.” Structural concrete in performance-based
seismic design of bridges, SP-271, ACI, 79–102.

202
Belarbi, A., Silva, P. F., and Bae, S. W. (2008). “Retrofit of RC bridge columns under
combined axial, shear, flexure, and torsion using CFRP composites,” Challenges
for civil construction (CCC 2008), Porto, Portugal.
Bentz, E. C., & Collins, M. P. (2000). Response 2000. Reinforced Concrete Sectional
Analysis using the Modified Compression Field Theory, Version, 1(5).
Berry, M. P. (2006). Performance modeling strategies for modern reinforced concrete
bridge columns. (PhD Dissertation), University of Washington, Seattle, WA.
Bett, B. J., Klingner, R. E., and Jirsa, J. O. (1988). “Lateral load response of strengthened
and repaired reinforced concrete columns.” ACI Struct. J., 85: 499–508.
Billah, A. H. M. M., and Alam, M. S. (2012). “Development of Fragility Curves for
Retrofitted Multi-Column Bridge bent Subjected to Near Fault Ground Motion.”
Proc., 15th World Conference on Earthquake Engineering (WCEE-2012), Lisbon,
Portugal.
Bradley, B., Dhakal, R., & Mander, J. B. (2006). Dependency of Building Fragility to
source mechanisms of records selected for Incremental Dynamic Analysis.
California Department of Transportation. (2006). Visual Catalog of Reinforced Concrete
Bridge Damage. Sacremento, CA.
Chai, Y.H., Priestley, M.J., and Seible, F. (1991). “Seismic retrofit of bridge columns by
steel jacketing”. Transportation Research Record.
Chang, S. Y., Li, Y. F., and Loh, C. H. (2004). “Experimental study of seismic behaviors
of as-built and carbon fiber reinforced plastics repaired reinforced concrete bridge
columns.” J. Bridge Eng., 4(391): 391–402.
Chen, Q. and Andrawes, B. (2014). “Monotonic and cyclic experimental testing of
concrete confined with shape memory alloy spirals.” Proc., 10th US National
Conference on Earthquake Engineering, Anchorage, AK.
Chen, X., Ding, M., Zhang, X., Liu, Z., and Ma, H. (2018). “Experimental investigation
on seismic retrofit of gravity railway bridge pier with CFRP and steel materials.”
Constr. and Build. Mater., 182: 371-384.
Cheng, C., Yang, J., Yeh, Y., and Chen, S. (2003). “Seismic performance of repaired
hollow-bridge piers.” Constr. and Build. Mater., 17: 339-351.
Choi, E., Cho, B., and Lee, S. (2015). "Seismic retrofit of circular RC columns through
using tensioned GFRP wires winding." Compos. Part B: Eng., 83: 216-225.

203
Cui, Y., Poyraz, E., Olsen, K. B., Zhou, J., Withers, K., Callaghan, S., ... & Jordan, T. H.
(2013, November). Physics-based seismic hazard analysis on petascale
heterogeneous supercomputers. In Proceedings of the International Conference on
High Performance Computing, Networking, Storage and Analysis (pp. 1-12).
Daniel, S., & Doran, M. A. (2013, June). geoSmartCity: geomatics contribution to the
smart city. In Proceedings of the 14th annual international conference on digital
government research (pp. 65-71).
Del Zoppo, M., Di Ludovico, M., Balsamo, A., Prota, A., and Manfredi, G. (2017).
“FRP for seismic strengthening of shear controlled RC columns: Experience from
earthquakes and experimental analysis.” Compos. Part B: Eng., 129: 47-57.
Dutta, A., and Mander, J. B. (1999). “Seismic fragility analysis of highway bridges.”
Proc., Center-to-Center Project Workshop on Earthquake Engineering in
Transportation Systems, Tokyo, Japan.
East-West Gateway Council of Governments, Liquefaction Susceptibility, St. Louis
Metropolitan Area, May 2020. [Online]. Available:
https://www.ewgateway.org/library-post/liquefaction-susceptibility/
El-Hacha, R., and Mashrik, M. A. (2012). “Effect of SFRP confinement on circular and
square concrete columns.: Eng. Struct., 36: 379–393.
Elsouri, A. M., and Harajli, M. H. (2011). “Seismic repair and strengthening of lap
splices in rc columns: Carbon fiber-reinforced polymer versus steel confinement.”
J. Compos. Constr., 721–731.
Elwood, K. J. (2004). Modelling failures in existing reinforced concrete columns.
Canadian Journal of Civil Engineering, 31(5), 846-859.
Epps, M. (2018). Personal Interview With Emergency and Fire Marshal, Springfield,
MO, USA, Sep. 21, 2018
Faella, C., Martinelli, E., Paciello, S., Camorani, G., Aiello, M.A., Micelli, F., and Nigro,
E. (2011). “Masonry columns confined by composite materials: experimental
investigation.” Compos. Part B: Eng., 42, 692-704.
Fakharifar M., Chen G., Dalvand A., and Shamsabadi A. (2015a). “Collapse vulnerability
and fragility analysis of substandard RC bridges rehabilitated with different repair
jackets under post-mainshock cascading events.” Int. J. Concr. Struct. Mater., 9:
345–367.
Fakharifar, M., Chen, G., Arezoumandi, M., and ElGawady, M. (2015b). “Hybrid
jacketing for rapid repair of seismically damaged reinforced concrete columns.”
Transportation Research Record, 2522: 70–78.

204
Fakharifar, M., Chen, G., Sneed, L., and Dalvand, A. (2015). “Seismic performance of
post-mainshock FRP/steel repaired RC bridge columns subjected to aftershocks.”
Composites Part B: Engineering, 72, 183-198.
FEMA 454 (2006). Designing for earthquakes: A manual for architects, Washington,
D.C.
FEMA. Earthquake safety checklist (2022).
https://www.fema.gov/sites/default/files/2020-07/fema_earthquake_earthquakesafety-checklist_110217.pdf
FHWA (1996). "Seismic design of bridges—Design example no. 4: Three-span
continuous CIP concrete bridge." Publication No. FHWA‐SA‐97‐009.
Floodmap.net (2020). Saint Louis Elevation, May 2020. [Online]. Available: https://
www.floodmap.net/Elevation/ElevationMap/?gi ¼ 4407066
Fraioli, G., and Sneed, L. H. (2021). “Performance Investigation of Earthquake Damaged
Reinforced Concrete Bridges with Repaired Columns” (No. 25-1121-0005-1362). Missouri University of Science and Technology.
French, C. W., Thorp, G. A., and Tsai, W. J. (1990). “Epoxy repair techniques for
moderate earthquake damage”. ACI Structural Journal, 87(4), 416-424.
Fukuyama, K., Higashibata, Y., and Miyauchi, Y. (2000). “Studies on repair and
strengthening methods of damaged reinforced concrete columns.” Cement &
Conc. Compos., 22: 81-88.
Geotab (2020). "Gridlocked cities," May 2020. [Online]. Available: https://www.geotab.
com/gridlocked-cities/
Ghannoum, W. M., & Moehle, J. P. (2012). Dynamic collapse analaysis of a concrete
frame sustaining column axial failures. ACI Structural Journal, 109(3), 403-412
Ghosh, S., & Gosavi, A. (2017). A semi-Markov model for post-earthquake emergency
response in a smart city. Control Theory and Technology, 15(1), 13-25.
Goodnight, J. C., Feng, Y., Kowalsky, M. J., and Nau, J. M. (2012). “The effect of load
history on reinforced concrete bridge column behavior.” Final Rep. to AUTC and
AKDOT, No. FHWA-AK-RD-12-09, Alaska Univ. Transportation Center,
Fairbanks, AK.
Google Maps (2018). St. Louis, MO, Fire Departments. Sep. 2018. [Online]. Available:
https://www.google.com/maps/search/fire-department+/@38.6292603,90.3646041,11z

205
Google Maps (2018). St. Louis, MO, Typical Traffic, Sep. 2018. [Online]. Available:
https:// www.google.com/maps/@38.6182434,90.3452819,11z/data=!5m2!1e4!1e1
Google Maps (2020). "Typical traffic," St. Louis, MO, USA, Apr. 2020. [Online].
Available: https://www.google.com/maps/@38.6217426,-90.2266282,13.47z/data
¼ !5m2!1e1!1e4
Gosavi, A., Fraioli, G., Sneed, L. H., & Tasker, N. (2019). Discrete-event-based
simulation model for performance evaluation of post-earthquake restoration in a
smart city. IEEE Transactions on Engineering Management, 67(3), 582-592.
Hasan, Q. F., Hamide T., and Fuat D. (2016). “NSM Rebar and CFRP laminate
strengthening for RC columns subjected to cyclic loading”. Constr. and Build.
Mater., 119: 21-30.
He, A., Cai, J., Chen, Q., Liu, X., Huang, P., and Tang, X. (2018). “Seismic behaviour of
steel-jacket retrofitted reinforced concrete columns with recycled aggregate
concrete.” Constr. and Build. Mater., 158: 624-639.
He, R., Grelle, S., Sneed, L. H., and Belarbi, A. (2013a). “Rapid repair of a severely
damaged RC column having fractured bars using externally bonded CFRP.” J.
Compos. Struct., 101, 225–242.
He, R., Sneed L. H., and Belarbi A. (2013b). “Rapid repair of severely damaged RC
columns with different damage conditions: an experimental study,” Intern. J. of
Conc. Struct.. and Mater., 7: 35–50.
He, R., Sneed, L. H., and Belarbi, A. (2014). “Torsional repair of severely damaged
column using carbon fiber-reinforced polymer.” ACI Struct. J., 111: 705–716.
He, R., Yang, Y., and Sneed, L. H. (2016). “Post-repair seismic assessment of RC bridges
damaged with fractured column bars–A numerical approach.” Engineering
Structures, 112, 100-113.
He, R., Yang, Y., and Sneed, L.H. (2015). “Seismic repair of reinforced concrete bridge
columns: a review of research findings.” J. of Bridge Engineering, ASCE, 20(12):
04015015.
Irwin, J. (2018). Tampa recognized as a smart city based on $21 M transportation tech,
Water Street. Tampa Bay Bus. J.
Jiang, S. F., Zeng, X., Shen, S., and Xu, X. (2016). “Experimental studies on the seismic
behavior of earthquake-damaged circular bridge columns repaired by using
combination of near-surface-mounted BFRP bars with external BFRP sheets
jacketing.” Eng. Struct., 106: 317-331.

206
Joyner, M. D., & Sasani, M. (2020). Building performance for earthquake resilience.
Engineering Structures, 210, 110371.
Júlio, E. N. B. S., Branco, F. A. B., and Silva, V. D. (2005). “Reinforced concrete
jacketing—interface influence on monotonic loading response.” ACI Struct. J.,
102: 252-257.
Jung, D., Wilcoski, J., and Andrawes, B. (2018). “Bidirectional shake table testing of RC
columns retrofitted and repaired with shape memory alloy spirals.” Eng. Struct.
160: 171-185.
Kent DC, Park P (1971). “Inelastic behavior of reinforced concrete members with cyclic
loading”. Bull NZ Soc Earthq Eng. 4(1):108–25.
Korswagen, P. A., Jonkman, S. N., & Terwel, K. C. (2019). Probabilistic assessment of
structural damage from coupled multi-hazards. Structural safety, 76, 135-148.
Kreimer, A., Arnold, M., & Carlin, A. (2003). Building safer cities: the future of disaster
risk (No. 3). World Bank Publications.
Kunnath, S. K., and Kalkan, E. (2005). IDA capacity curves: the need for alternative
intensity factors. In Structures Congress 2005: Metropolis and Beyond (pp. 1-9).
Lampropoulos, A.P. and Dritsos, S.E. (2011). “Concrete shrinkage effect on the behavior
of RC columns under monotonic and cyclic loading.” Constr Build Mater, 25:
1596-1602.
Law, A. M., & Kelton, W. D. (2014). Simulation modeling and analysis. 5th edn New
York.
Lehman, D.E., Gookin, S.E., Nacamuli, A.M., and Moehle, J. P. (2001). “Repair of
earthquake-damaged bridge columns”. ACI Structural Journal, 98: 233-242.
Li, Q. (2012). “Performance of RC bridge columns under cyclic combined loading
including torsion.” Ph.D. thesis, Dept. of Civil Engineering, Univ. of Houston.
Li, X., Wang, J., Bao, Y., and Chen, G. (2017). “Cyclic behavior of damaged reinforced
concrete columns repaired with high-performance fiber-reinforced cementitious
composite”. Eng. Struct., 136: 26-35.
Lindell, M. K., Perry, R. W., Prater, C., & Nicholson, W. C. (2006). Fundamentals of
emergency management (p. 485). Washington, DC, USA:: FEMA.
Liu, P., Archuleta, R. J., & Hartzell, S. H. (2006). Prediction of broadband groundmotion time histories: Hybrid low/high-frequency method with correlated random
source parameters. Bulletin of the Seismological Society of America, 96(6), 21182130.

207
Ma, G., and Li, H. (2015). “Experimental study of the seismic behavior of predamaged
reinforced-concrete columns retrofitted with basalt fiber–reinforced polymer”. J.
of Compos. for Constr., 19: 04015016.
Malek, A. (2018). Post-earthquake damage assessment and residual capacity of concrete
and RC beams.
Mander, J. B., Priestley, M. J., and Park, R. (1988). “Theoretical stress-strain model for
confined concrete.” Journal of Structural Engineering, 114(8), 1804-1826.
Marr, B. (2015). How Big Data and Internet of Things Create Smarter Cities. Forbes
Mazzoni, S., McKenna, F., Scott, M. H., and Fenves, G. L. (2006).” OpenSees command
language manual”. Pacific Earthquake Engineering Research (PEER)
Center, 264.
McKenna F, Fenves GL, Scott MH, Jeremic B. Open system for earthquake engineering
simulation (OpenSees). Pacific Earthquake Engineering Research Center.
Berkeley (CA): University of California; 2000.
McKenna, F., Fenves, G. L., and Scott, M. H. (2000). “Open system for earthquake
engineering simulation”. University of California, Berkeley, CA.
Miari, M., & Nazri, F. M. (2019). Short Review on Incremental Dynamic Analysis and
Fragility Assessment. Adv Civil Eng Tech.MoDOT (2020). Bridge Terms, May
2020. [Online]. Available: https://modot.org/common-bridge-terms
MoDOT (2020). Poor and Weight-Restricted Bridges, May 2020. [Online]. Available:
https://www.modot.org/Bridges
Moehle, J. P., and Eberhard. M.O. (2000). Earthquake damage to bridges. Bridge
Engineering Handbook. Ed. Wai-Fah Chen and Lian Duan. Chap 34.
Monma, C. L., Schrijver, A., Todd, M. J., & Wei, V. K. (1990). Convex resource
allocation problems on directed acyclic graphs: duality, complexity, special cases,
and extensions. Mathematics of Operations Research, 15(4), 736-748.
Montgomery, D. C. (2017). Design and analysis of experiments. John Wiley & sons.
Murray, S. L., Ghosh, K., & Gosakan, M. (2010). Human performance modeling for
emergency management decision making. Journal of Emergency Management,
8(5), 17-26.
Mydowntownstl.com (2020). A Glimpse Inside Engine House No. 2 and St. Louis
Historic Fire Department, May 2020. [Online]. Available:
https://mydowntownstl.com/historic-fire-dept/

208
Narayanan, V.B., Sengupta, A.K. and Kumar, S.S. (2012). "Seismic retrofit of beams in
buildings for flexure using concrete jacket." ISET J. of Earthquake Tech., 49: 1–
22.
Nesheli, K. N., and Meguro. K. (2006). “Seismic retrofitting of earthquake-damaged
concrete columns by lateral pre-tensioning of FRP belts.” Proc. of the 8th U.S.
National Conference on Earthquake Engineering, San Francisco, CA.
Ouyang, L.J., Gao, W.Y., Zhen, B., and Lu, Z.D. (2017). “Seismic retrofit of square
reinforced concrete columns using basalt and carbon fiber-reinforced polymer
sheets: A comparative study.” Compos. Struct., 162: 294-307.
Parks, J. E., Brown, D.N., Ameli, M.J., and Pantelides, C.P. (2016). “Seismic repair of
severely damaged precast reinforced concrete bridge columns connected with
grouted splice sleeves.” ACI Struct. J. 113: 615-626.
Paulay, T., and Priestley, M. N. (1992). “Seismic design of reinforced concrete and
masonry buildings”. New York: Wiley.
PEER, Pacific Earthquake Engineering Research Center.
http://peer.berkeley.edu/peer_ground_motion_database [Accessed 12.20.21].
Poser, K., & Dransch, D. (2010). Volunteered geographic information for disaster
management with application to rapid flood damage estimation. Geomatica,
64(1), 89-98.
Prakash, S.S. (2009). "Seismic behavior of circular reinforced concrete bridge columns
under combined loading including torsion”. Doctoral Dissertation. Dept. of Civil,
Arch. and Env Engineering, Missouri Univ. of Science and Technology.
Preservation Leadership Forum (2020). Atlas of ReUrbanism, St. Louis, May 2020.
[Online]. Available: https://nthp.maps.arcgis.com/apps/webappviewer/
index.html?id ¼ ee08b5842d7e401cbb314561141f7f63
Priestley, M. N., Seible, F., & Calvi, G. M. (1996). Seismic design and retrofit of bridges.
John Wiley & Sons.
Rodrigues, H., Arêde, A., Furtado, A., Rocha, P. (2015a). “Seismic Rehabilitation of RC
Columns Under Biaxial Loading: An Experimental Characterization.” Structures.
3: 43-56.
Rodrigues, H., Arêde, A., Furtado, A., Rocha, P. (2015b). “Seismic behavior of
strengthened RC columns under biaxial loading: An experimental
characterization.” Constr. and Build. Mater., 95: 393-405.
Ross, S. M. (2014). Introduction to probability models. Academic press.

209
Rutledge, S. T., Kowalsky, M. J., Seracino, R., & Nau, J. M. (2014). “Repair of
Reinforced Concrete Bridge Columns Containing Buckled and Fractured
reinforcement by Plastic Hinge Relocation.” Journal of Bridge Engineering,
19(8).
Rutledge, S.T. (2012). “FRP Repair of Circular Reinforced Concrete Columns by Plastic
Hinge Relocation”. North Carolina State University.
Saadatmanesh, H., Ehsani, M. R., and Jin, L. (1997). “Repair of earthquakedamaged RC
columns with FRP wraps.” ACI Struct. J., 94, 206–215.
Saiidi, M.S., and Cheng, Z. (2004). “Effectiveness of composites in earthquake damage
repair of reinforced concrete flared columns”. J. Compos. Constr., 8: 306-314.
Scott BD, Park R, and Priestley MJN (1982). “Stress-strain behavior of concrete confined
by overlapping hoops at low and high strain rates”. ACI Journal Proceedings; 79
(1):13–27.
Shabtay, D., & Steiner, G. (2008). The single-machine earliness-tardiness scheduling
problem with due date assignment and resource-dependent processing times.
Annals of Operations Research, 159(1), 25-40.
Shao, Y., Aval, S., and Mirmiran, A. (2005). “Fiber-element model for cyclic analysis of
concrete-filled fiber reinforced polymer tubes.” Journal of Structural
Engineering, 131(2), 292-303.
Sheikh, S. A., and Yau, G. (2002). “Seismic behavior of concrete columns confined with
steel and fiber-reinforced polymers.” ACI Struct. J., 99(1), 72–80.
Shin, M., and Andrawes, B. (2011). “Emergency repair of severely damaged reinforced
concrete columns using active confinement with shape memory alloys.” Smart
Mater. Struct., 20(6), 065018.
Sneed, L. H., Carloni, C., Fraioli, G., and Baietti, G. (2018). “Confinement of brick
masonry columns with SRG jackets.” Composites with Inorganic Matrix for
Repair of Concrete and Masonry Structures, SP-324, ACI, 5.1-5.10.
Sneed, L. H., Fraioli, G., and Alabdulhady, M. (2019). “Guide for the Selection of Rapid
Repair Systems for Earthquake-Damaged Reinforced Concrete Bridge
Columns” (No. 25-1121-0005-136-1). Missouri University of Science and
Technology.
Stumpf, D. and Collet, E. (2018). Personal Interview, St. Louis, MO, USA, Oct. 15,
2018.

210
Tariverdilo, S., A. Farjadi, and M. Barkhordary. (2009). “Fragility curves for reinforced
concrete frames with lap-spliced columns.” Int. J. Eng. Trans. A: Basics 22 (3):
213
Todd, D., Carino, N., Chung, R. M., Lew, H. S., Taylor, A. W., Walton, W. D., Cooper,
J. D., and Nimis, R. (1994). 1994 Northridge earthquake: performance of
structures, lifelines and fire protection systems”, No. NIST Interagency/Internal
Report (NISTIR)-5396.
Topographic-map.com (2018). St. Louis, MO, Topographic Maps, 13 Sep. 2018.
[Online]. Available: http://en-us.topographic-map.com/places/St.-Louis-142119/
Townsend, A. M. (2013). Smart cities: Big data, civic hackers, and the quest for a new
utopia. WW Norton & Company.
U.S. Geological Survey. “Causalities and damage after 1906 Earthquake”, accessed May
22, 2019.
https://earthquake.usgs.gov/earthquakes/events/1906calif/18april/casualties.php
USGS (2020). Summary of 1811-1812 New Madrid Earthquakes Sequence, Apr. 2020.
[Online]. Available: https://www.usgs.gov/natural-hazards/earthquakehazards/
science/summary-1811-1812-new-madrid-earthquakes-sequence?qtscience_
center_objects ¼ 0No.qt-science_center_objects
USGS, United States Geological Survey.
https://earthquake.usgs.gov/ws/designmaps/aashto-2009.html [Accessed
12.15.2021]
Vamvatsikos, D., & Cornell, C. A. (2002). “Incremental dynamic analysis”. Earthquake
Engineering & Structural Dynamics, 31(3), 491-514.
Van Coile, R., Hopkin, D., Lange, D., Jomaas, G., & Bisby, L. (2019). The need for
hierarchies of acceptance criteria for probabilistic risk assessments in fire
engineering. Fire technology, 55(4), 1111-1146.
Vosooghi A, Saiidi M.S., and Gutierrez J. (2008). “Rapid repair of RC bridge columns
subjected to earthquakes”. Proc. of 2nd international conference on concrete
repair, rehabilitation, and retrofitting (ICCRRR 2008). Cape Town, South Africa,
1113-1119.
Vosooghi, A. (2010). “Post-earthquake evaluation and emergency repair of damaged RC
bridge columns using CFRP materials”. University of Nevada, Reno.
Vosooghi, A. and Saiidi, M. S. (2010). “Seismic damage states and response parameters
for bridge columns.” Special Publication, 271, 29-46.

211
Vosooghi, A., and Saiidi, M.S. (2009). “Rapid repair of high-shear earthquake-damaged
RC bridge columns.” Proc., 25th US-Japan Bridge Engineering Workshop,
Tsukuba, Japan.
Vosooghi, A., and Saiidi, M.S. (2010). “Seismic damage states and response parameters
for bridge columns.” Structural Concrete in Performance-Based Seismic Design
of Bridges, SP 271, ACI, 29-46.
Waller, R. (Ed.). (2013). Low-probability high-consequence risk analysis: Issues,
methods, and case studies (Vol. 2). Springer Science & Business Media.
Wang, D., Wang, Z., Yu, T., and Li, H. (2018). “Seismic performance of CFRPretrofitted large-scale rectangular RC columns under lateral loading in different
directions”, Compos. Struct., 192, 475-488.
Waqas, R., Uy, B., & Thai, H. T. (2019). Experimental and numerical behaviour of blind
bolted flush endplate composite connections. Journal of Constructional Steel
Research, 153, 179-195.
Wu, R.Y., and Pantelides, C.P. (2017). “Rapid seismic repair of reinforced concrete
bridge columns”. ACI Struct. J., 114: 1339-1350.
Xiao, Y., and Ma, R. (1997). “Seismic retrofit of RC circular columns using prefabricated
composite jacketing.” Journal of Structural Engineering, 123(10), 1357-1364.
Yang Y., Sneed, L.H., Morgan, A, Saiidi, M.S., and Belarbi, A. (2015a). “Repair of RC
bridge columns with interlocking spirals and fractured longitudinal bars – an
experimental study.” Constr. and Build. Mater. 78, 405-420.
Yang, Y., Sneed, L.H., Saiidi, M.S., Belarbi, A., Ehsani, M., and He, R. (2015b).
“Emergency repair of an RC bridge column with fractured bars using externally
bonded prefabricated thin CFRP laminates and CFRP strips.” Compos. Struct.,
133: 727-738.
Yau, G. (1998). “Repair and Strengthening of Columns with Fibre Reinforced
Composites”. University of Toronto
Zacharenaki, A., Fragiadakis, M., Assimaki, D., & Papadrakakis, M. (2014). Bias
assessment in incremental dynamic analysis due to record scaling. Soil Dynamics
and Earthquake Engineering, 67, 158-168.
Zahran, S., Brody, S. D., Peacock, W. G., Vedlitz, A., & Grover, H. (2008). Social
vulnerability and the natural and built environment: a model of flood casualties in
Texas. Disasters, 32(4), 537-560.

212
Zhang, Y., & Tien, I. (2020). Methodology for regularization of force-based elements to
model reinforced concrete columns with short lap splices. Journal of Engineering
Mechanics, 146(7), 04020073.
Zhao, J., & Sritharan, S. (2007). “Modeling of strain penetration effects in fiber-based
analysis of reinforced concrete structures”. ACI Materials Journal, 104(2), 133.
Zhao, S., Fan, S., & Chen, J. (2019). Quantitative assessment of the concrete gravity dam
damage under earthquake excitation using electro-mechanical impedance
measurements. Engineering Structures, 191, 162-178.
Zhu, Z., Ahmad, I., and Mirmiran, A. (2006). “Fiber element modeling for seismic
performance of bridge columns made of concrete-filled FRP tubes.” Engineering
Structures, 28(14), 2023-2035.

213
VITA

Giacomo Fraioli was born in Rome, Italy. He received his Bachelor of Science in
Civil Engineering in 2014, and his Master of Science in Civil Engineering in 2017 from
the University of Bologna, Italy. His master’s research was focused on the retrofit of
historical masonry columns with innovative materials. After obtaining his master’s
degree, he started pursing his Ph.D. degree in Civil Engineering at Missouri University of
Science and Technology in January of 2018 under the advising of Dr. Lesley Sneed. His
Ph.D. research was focused on how different methods and levels of retrofit and repair of
RC bridge column members effect the member-level response, the system-level response
of the bridge, and the surrounding community.
He published several journal papers and presented his research work at national
conferences. In May 2022 he received his Ph.D. degree in Civil Engineering from
Missouri University of Science and Technology.

